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A study on modeling, simulation, and automatic control 
for optimum drying and storage of rough rice in a farm-bin 
system was conducted to address some aspects of rice post­
harvest technology.
Resistance-type moisture sensors and temperature and 
humidity sensors were evaluated for continuously monitoring 
the conditions of air and grain. Models to predict rice 
moisture models during drying and storage were developed. 
Based on accuracy and predictability, the use of the 
capacitance-type humidity sensor is recommended over the 
resistance-type moisture sensor.
A pressure drop model of airflow through rough rice was 
developed to aid in determining the optimum size and type of 
fan for aeration. The effect of rice moisture on the 
pressure drop was statistically significant at the 5% level. 
A respiration model for rough rice was developed to predict 
the carbon dioxide produced during storage and to determine 
the dry matter loss of the stored rice.
The effects of gas modulating control and air 
recirculation on the energy savings in a bin-drying system 
x v i i
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of rough rice were analyzed by a computer simulation using 
SLAM Il/PC. The gas modulating system saved 25% of total 
energy in August, and 8% in December, while the effect of 
air recirculation without dehumidification was negative in 
saving energy. Air recirculation with dehumidification saved 
much more drying energy in December as the air recirculation 
ratio increased, but the air recirculation was never 
necessary during August due to high drying potential in 
southwest Louisiana.
The control criteria for an automatic aeration system 
of rough rice based on the temperature of air and grain, 
relative humidity of air, rice moisture, deterioration 
index, and dry matter loss were determined. This aeration 
control criteria adequately controlled air and rice 
conditions, and maintained the rice at a high level quality.
The total economic benefits could add to more than 30 
million dollars annually to the rice industry in the U.S. if 
the systems developed in this research for optimum drying 
and storage of rough rice are applied to the existing on- 
farm rice drying and storage.
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INTRODUCTION
Rice is one of the largest cereal grain crops in the
world. It is the major staple food for about half of the
human population. During rice harvesting and post-harvesting 
operations, both qualitative and quantitative losses occur. 
Rice is mostly consumed as whole grain and not as flour like 
wheat. Therefore, it is important to carefully process and 
store rice in order to obtain maximum output and best 
quality (Wang, 1978).
The major problem during drying and storage of grains 
is the determination of grain conditions. Grain moisture, 
air temperature, air relative humidity, and carbon dioxide 
are important factors in determining grain quality. Because 
these conditions are continuously changing throughout the 
grain mass during drying and storage, a continuous 
monitoring system is required. New electrical sensors are 
needed for such monitoring of grain conditions. Improved 
predictive models need to be developed for predicting the 
change in grain quality. Models for energy savings and fan
power requirement predictions are also needed. Better
techniques and systems to save energy and to maintain grain 
quality also need to be developed for optimum drying and 
storage of rough rice.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2Moisture content during drying and storage has 
traditionally been determined by physically removing grain 
samples and drying in an oven. A technique to measure the 
moisture content of grains in place during drying and 
storage is required. Moisture sensors of electrical 
resistance-type, and temperature and humidity sensors need 
to be evaluated for continuous monitoring of the moisture 
content of rice during drying and storage. Predictive models 
using the output from electrical sensors should be developed 
for continuous measurement of rice moisture content.
One of the basis of the design of grain-drying systems 
is static pressure. An accurate static pressure drop model 
is required for the determination of optimum air flow rate 
and power required for the fan during rough rice drying and 
storage. Researchers have reported that the resistance to 
airflow in the product is affected by parameters such as air 
velocity, rice moisture content, foreign materials, and rice 
variety. However, the data from these studies are 
inconsistent. Therefore, the effects of air velocity, rice 
moisture, and inlet air temperature on the static pressure 
drop during rice drying should be further investigated.
In addition, it is essential to maintain the grain 
quality during storage to minimize losses. Quality losses of 
grains occur because of grain and mold respiration. It is 
therefore necessary to develop an accurate respiration model
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3for rough rice in order to determine the proper and 
necessary aeration practices during rice storage for minimum 
quality determination.
Furthermore, rice like other grain crops requires more 
energy in drying for safe storage than the total energy in 
planting, harvesting, and handling. On-farm rice drying in 
Louisiana uses at least 3.3 x 10^ MJ of fossil-fuel energy. 
It presently takes about 3.25 x 10® ft® of natural gas for 
on-farm rice drying in the state which is worth about $2.0 
million. To save drying energy, Verma and Jacobsen (1987) 
reported on a gas modulating control valve implemented on an 
on-farm rice drying system. They compared the control drying 
system with a conventional system. The experimental results 
varied with the ambient weather conditions. A computer 
simulation study (using SLAM Il/PC) could be useful for 
evaluating such a gas modulating control system and for 
analyzing the effects of the control system with and without 
air recirculation.
A PC-based automatic aeration control system could aid 
in reducing storage losses of rough rice by maintaining the 
moisture and temperature levels. Electrical sensors, new 
predictive models, and the continuous monitoring and control 
systems can be utilized in such an aeration system.
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4A study was conducted with the following specific 
objectives:
1. To evaluate resistance-type moisture sensors and 
commercial temperature and humidity sensors for continuous 
determination of grain conditions and to develop predictive 
models of rice moisture during drying and storage.
2. To develop new models for predicting static pressure 
drop of air through rough rice and for determining dry 
matter loss during rice storage.
3. To analyze a gas modulating control system 
with/without air recirculation for in-bin rice drying and to 
estimate the energy and drying-cost savings of the control 
system compared to a conventional system.
4. To determine the control criteria required for rice 
aeration and to develop and evaluate an automatic aeration 
system based on the control criteria and on the predictive 
models developed for safe storage of rough rice.
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CHAPTER II
REVIEW OF LITERATURE
2.1 Electrical Sensors for Continuous Measurement
The electrical resistance or conductivity of a material 
depends upon its moisture content. This principle is used as 
the basis for a number of moisture sensors. It has been 
found that there is a linear relationship between the 
moisture content of wheat and the logarithm of its 
electrical resistance from approximately 11% to 16% moisture 
(Hall, 1980). The electrical moisture sensors need to be 
calibrated for each grain against a standard method. 
Inasmuch as temperature affects the electrical resistance of 
a material, corrections for variations in temperature must 
be made for tests conducted at temperatures other than those 
at which the calibration is reported. The pressure exerted 
on the sample with the electrical resistance method affects 
the resistance of the product. The relationship of moisture 
content, pressure on sample, and resistance of various 
materials is available (Hall, 1980).
The resistance-type moisture detector is also used for 
determining the moisture content of baled hay and straw 
(Hall, 1980). It is a device that measures the electrical 
resistance obtained by forcing an electrical probe into the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6bale and reading the moisture content on the meter. The 
moisture content measured is that of the wettest fibers in 
contact with the two electrodes near the end of the probe. 
The electrical resistance of hay and grain decreases with an 
increase in pressure. Above 17% moisture, there is a 
parabolic relationship between the moisture content and the 
logarithm of electrical resistance. Recently, resistance- 
type moisture sensors have been widely used for continuous 
measurement of rice moisture in storage bins. However, they 
have poor performance at low rough rice moisture values.
Bunn and Buschermohle (1986) suggested a technique 
using relative humidity sensors for measuring the moisture 
content of stored grains. They reported that the relative 
humidity sensors that had capacitance-type sensing elements 
made from hygroscopic polymers can be successfully used to 
determine the moisture content of stored corn and soybeans. 
They also concluded that a special calibration for 
continuous use in high relative humidities made them 
effective sensors in buried grain.
Persson and Churchill (1983) reported that humidity 
sensors for use in grain must meet the following 
requirements : 1) predictable and repeatable behavior, 2) 
long-term stability, 3) operation over a wide temperature 
range, 4) not damaged or altered by condensation, 5) 
satisfactory operation with exposure to some dust and dirt, 
and 6) require minimum to no maintenance. They also reported
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7that the one sensor type that meets the above requirements 
is a capacitance-type sensor.
2.2 Pressure Drop of Air through Grain
The principles involved in the flow of air through 
grains are the same for natural ventilation, forced 
ventilation, and heated air drying. Basically, a drying or 
aeration system consists of a means of moving the air 
through the grain. The relationship between the volume of 
air moved through the grain, the pressure drop developed, 
and the characteristics of the grain over the air 
distribution system are important (Hall, 1980).
Shedd (1953) reported a general relationship between 
static pressure drop of clean grains and air velocity (ASAE 
D272.1, 1984). This relationship is 
Q = a * p \  
where, Q : airflow rate (m^/s/m^)
P : static pressure drop (Pascal), 
a and b : constants
Foster (1970) investigated the airflow resistance of a 
mixture of fines and clean corn (Brooker et al., 1982). As 
the percent fines in the mixture increased, the resistance 
pressure increased, reaching a maximum when there were 30 to 
40% fines present.
Teter (1982) reported the following static pressure
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drop model for rough rice:
Q = 1/60 * (P/53.7)**(l/1.32) = 0.0008152 * p0*758 
Gunasekaran et al. (1983) developed a nonlinear model 
for the resistance to airflow of long grain rough rice: 
log(Q) = -0.031 (log(P))2 + 0.92 log(P) - 3.024, = 0.992
Haque et al. (1982) reported the effect of grain 
moisture content on the resistance to airflow. They 
concluded that static pressure drop in grains decreased with 
increase in grain moisture. They developed the following 
model for corn, sorghum, and wheat at an air temperature of 
26.6°C and relative humidity of 65%:
p = a * Q + b * Q ^ + c * M * Q ,  = 0.99
where, M : rice moisture content (%, w.b.) 
a,b,c : constants.
2.3 Grain Respiration Model
It is very important to maintain the grain quality in 
storage after harvesting and drying. Quality losses in 
grains during storage occur because of grain and mold 
respiration, moisture migration, and insect infestation. 
Grain spoilage during storage is a complex process, and 
factors that affect spoilage include grain conditions, the 
environment in which storage occurs, and the biological 
activity of microorganisms (Latif and Lissik, 1986).
The deterioration of grain is largely related to the
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9growth and respiration of fungi, insects and mites which 
produce water, heat and carbon dioxide (Jayas and 
Sokhansanj, 1988). Carbon dioxide can most effectively be 
used for detection of spoilage in the stored grain because 
moisture and heat remain localized in self-insulating bulks 
of grain while CO2 is widely dispersed (Muir et al., 1983).
Because of the complexity of interactions among 
physical and biological factors that affect grain spoilage, 
a predictive model incorporating both the physical and 
biological processes needs to be developed. Some researchers 
have reported models of dry matter loss of rough rice based 
on the carbon dioxide and the heat produced by the 
respiration of rough rice (Seib et al., 1980, Murata et al., 
1976, and Teter, 1981). However, the dry matter losses 
predicted by their models were inconsistent and varied with 
the factors used in the model.
Saul and Lind (1958) reported a strong correlation 
between the amount of total carbon dioxide and the mold 
count. The complete combustion of a typical carbohydrate is: 
C6H12O6 + 6O2 ----> 6CO2 + 6H2O + 677.2 cal.
1.0 g 0.747 L 0.747 L 0.60 g 3.76 cal 
From this equation, one gram of grain dry matter 
decomposition produces 1.47 grams (0.747 liters) of carbon 
dioxide, 0.6 gram of water, and 3.76 cal (15.74 Joules) of 
respiration heat.
Hummel et al. (1954) concluded that the heat developed
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during respiration in moist grain is mainly from the 
respiration of the fungi and not the grain. It was found 
that mold-free grain at 18 to 20% moisture content does not 
respire any faster than at 12% moisture content and will not 
heat. Consequently heating of the wetter grain is solely due 
to respiration of the fungi (Brooker et al. 1982).
Milner et al. (1947) studied the effect of relative 
humidity and reported that respiration rate is constant with 
relative humidities below 75%, corresponding to an 
equilibrium moisture content (EMC) of 14.5% and increases 
with increase in relative humidity. Chikubu (1970) 
recommended that the respiration of rough rice should be 
measured as the amount of carbon dioxide produced during 
storage depending on the grain moisture and temperature.
Murata et al. (1976) derived a formula to evaluate the 
respiration heat as a function of moisture content and 
temperature:
HEAT = exp(a * T ^ + b * T * M + c * M ^ + d * T + e * M + f )  
DML = 0.02658 * HEAT * 24 * t
where, HEAT : respiration heat (Kcal/kg of dry matter/hr)
T : temperature of rough rice (°C)
M : moisture content of rough rice (%, w.b.)
a = -1.11339E-03, b = 1.11532E-03, c = -0.5820E-02 
d = 0.087808, e = 0.41470 f = -10.85623
DML : dry matter loss (%), t : storage period (day)
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Seib et al. (1980) measured the amount of carbon 
dioxide produced during storage of one long-grain and one 
medium-grain rough rice variety at different temperatures 
and moisture levels. The temperature ranged from 18 to 35°C, 
and the moisture from 15 to 23%. The dry matter loss model 
developed for rough rice is:
DML = [1 - exp[-{a * (24 * t / 1000)^} * exp[c * (T
- 15.356)} * exp{d * (M / 100 - 0.14)}]] * 100
CO2 = DML * 1000 / 0.682
where, CO2 : mg of CO2 per 100 grams of dry matter per day 
DML : dry matter loss (%), t : storage period (days)
M : rice moisture (%,w.b.), T : temperature (®C)
long-grain : a =0.001889, b =0.7101, c =0.04932, d = 31.63
medium-grain: a =0.000914, b =0.6540, c =0.06761, d = 33.61
Teter (1981) reported that carbon dioxide generation 
per day can be approximated as a function of only moisture 
content of rough rice in tropical climate:
Carbon dioxide : C = 10**(a * M - b).
Heat produced : Heat = 10.68*{(1-(M/100)}*10*C, KJ/ton.day 
Water produced : Water =0.409*{(1-(M/100)}*10*C, kg/ton.day 
Dry matter loss: DML = 0.682 * C / 1000
where, a=0.21, b=3.04 at rice moisture of 10.0 to 13.2% 
a=0.44, b=6.08 at rice moisture of 14.2 to 17.0%
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Latif and Lissik (1986) studied a respiration model for 
corn and suggested a general model which predicts dry matter 
loss on a time dependent basis for a particular combination 
of moisture content, storage temperature, and damage level. 
The general model was :
DML = IDM * {1 - expCl - K * t)}
where, DML : dry matter loss (gram),
IDM : initial dry matter (gram), 
t : storage time (hour),
K : respiration parameter (1/hour).
They also reported that K values appeared to change linearly 
with moisture levels up to 15.5% and exponentially above 
15.5% in corn at a constant temperature (30°C and 35°C) and 
damage level (0% and 5%).
Seib et al. (1980) reported that the maximum 
permissible dry matter loss is 0.5% for a rice moisture 
content of 22% and 0.25% at 28% moisture. At 22% moisture a 
dry matter of loss less than 0.5% will give rice of U.S. 
grade Nos. 1 and 2. The maximum permissible dry matter loss 
has an inverse relationship with the moisture content. 
Thereafter, Mohammad Mochtar (1986) reported that rough rice 
at 16% still can have good quality with a dry matter loss of 
less than 1%.
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2.4 Simulation of a Gas Control Syston with Air
Recirculation for In-Bin Rice Drying
2.4.1 Energy Consumption In Rice Drying
Low temperature, solar-assisted, heat-pumps, and 
combination high/low temperature drying are some of the 
methods studied for drying shelled corn by Peart et al. 
(1979) from an energy utilization and drying characteristics 
viewpoint. Crop drying requires a minimum of approximately 
2.50-2.67 MJ/kg of water removed, depending on the 
temperature at which water is evaporated (Fluck and Baird, 
1979). Most high temperature driers use at least 4.88 MJ/kg, 
and bin drying systems at least 3.49 MJ/kg of water 
evaporated. The actual energy requirements for evaporating 
water from grain range from 3.02 to 6.98 MJ/kg of water 
removed (Maddex and Bakker-Arkema, 1978).
Unheated air is recommended by Kunze and Calderwood 
(1979) for on-farm rice drying in a storage bin except 
during prolonged periods of high humidity. They also 
suggested that the supplemental heat should be such that the 
ambient air temperature increases by no more than 7®C. An 
on-farm rice drying system in Louisiana averaged less than
4.0 MJ/kg of water removed for the years 1980 to 1985 (Verma 
and Jacobsen, 1987). About 90% of this energy represented
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the natural gas consumption to elevate the drying air 
temperature from ambient to 38°C. Verma and Jacobsen (1987) 
used a gas modulating control valve in an on-farm drying 
system and compared it with a conventional system without 
such a control valve. They reported that energy consumption 
for the modulating control was significantly less (p < 0.03) 
than for the other drying system. An energy savings of 34% 
in 1984, 32% in 1983, and 33% in 1986 was observed. The 
energy consumption averaged 3.38 MJ/kg of water removed for 
rice dried with the conventional burners and 2.39 MJ/kg of 
water removed for that with the gas modulating control.
2.4.2 Recirculation of Drying Air
A recirculation system is an arrangement of a dryer 
whereby only a part of the air that has passed over the 
grain, known as exhaust air, is discharged from the system 
(Noomhorm, 1983). The remainder of the exhaust air, varying 
with time, is mixed with ambient air, reheated, and 
returned to the dryer. Sokhansanj and Sosulski (1981) stated 
that recirculating a portion of the exhaust air into the 
drying chamber can be used as an energy conservation 
measure.
Bakker-Arkema et al. (1973) compared a conventional 
crossflow drying system with a recirculation system, using 
simulation, and showed an energy reduction of about 16%.
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Sokhansanj and Sosulski (1981) measured the energy 
efficiency of recirculation of exhausted air in wheat drying 
and found that energy to remove the grain moisture increased 
with an increase in the exhausted air recycling ratio. When 
the quality of grain was evaluated in the above study, 
damage was detected in grain dried in the recirculation 
dryer. Young (1983) indicated that partial recirculation of 
air in peanut drying may reduce energy consumption per unit 
of water removed by approximately 23%, while also reducing 
the drying time and maintaining high quality.
Noomhorm (1985) investigated the effect of 
recirculation of exhaust air on drying rate and energy 
utilization. He reported enthalpy reductions from 
recirculated to non-recirculated air for both at the 
beginning and the end of drying for air recycle ratios of 
21%, 42%, and 72%. The enthalpy reductions were 13.0%, 
15.2%, and 13.6% at the beginning of drying, and 34.8%, 
37.0%, and 40.9% at the end of drying, respectively. Less 
energy was required at the end of the drying test than in 
the beginning. He also reported that a much longer time 
period was required to drop the moisture content of the rice 
at the end of the drying period than at the beginning. 
Hence, the effect of overdrying at the bottom layers was 
detrimental for milling yield. However, the milling yield 
data might have disguised the effect of air recirculation 
because the final moisture contents of rice in these tests
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were too low (11.2%, 10.8%, and 10.1%, w.b. ) and these
moisture levels were significantly different.
2.4.3 Psychrometric Properties of Air
A. Total Heat, Enthalpy
Enthalpy of an air-water-vapor mixture is expressed by 
ha = 0.24*T + H*hg = 0.24*T + H*(597.3 + 0.441*T). 
Where, ha = heat content of the air mixture, Kcal/kg of dry 
air
0.24*1 = average specific heat of dry air (0.24) times 
air temperature (T, °C)
H = absolute humidity, kg of water/kg of dry air 
hg = heat content of water vapor at temperature T, 
KJ/kg of vapor
The above equation is sufficiently accurate for most 
engineering applications below a partial vapor pressure of 
0.14 kg/cm^. The constant 597.3 is the heat constant of one 
kilogram of water vapor at 0°C, and 0.441 is the specific 
heat of water vapor. However, drying, evaporative cooling, 
dehumidification by adsorption, and similar processes 
proceed along the adiabatic process or wet bulb line. The 
change of enthalpy during drying is sufficiently small when 
the operating conditions are below 50°C, and it is 
frequently ignored and practical results secured by using 
the constant heat line for adiabatic processes (Henderson
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B. Heat of Vaporization
The heat required to evaporate one kilogram of water 
from grain is a function of the moisture content of the 
grain and the temperature at which evaporation takes place. 
However, heat of vaporization is more sensitive to grain 
moisture than it is to temperature. Across the drying zone, 
evaporation occurs at a continuously changing temperature 
and grain moisture content. Therefore, the heat of 
vaporization has a continuously changing value. Wang (1978) 
calculated the heat of vaporization (hfg) for rough rice 
during drying using the published method of Heldman (1975). 
He suggested the following nonlinear regression equation for 
the heat of vaporization:
hfg = (1547.84 - 1.46*T) * M**(-0.346)
Where, hfg = heat of vaporization of rough rice (KJ/kg)
T = air temperature (°C)
M = rice moisture content (%, d.b.)
C. Saturated Vapor Pressure
Saturated vapor pressure of air was obtained from the 
following equation (ASAE Data, 1979):
When the temperature is between 273.16°K and 533.16°K:
SVP = R * exp{(a+b*T+c*T^+d*T^+e*T^)/(f*T+g*T^)}
Where, SVP = saturated vapor pressure at temperature T (KPa)
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T = absolute temperature (°K) 
a = -27405.526, b = 97.5413, c = -0.146244, 
d = 0.12558E-03, e = -0.48502E-07, f = 4.34903, 
g = -0.39381E-02, R = 22105.64925 (KPa)
D. Specific Volume of Air
The specific volume of air can be expressed by the 
following equations reported by Brooker et al. (1982):
VP = RH * SVP, AH = 0.6219 * VP / (ATM-VP) 
va = 2.833E-3 * T * (1+1.6078+AH)
Where, VP = vapor pressure of air (KPa)
RH = relative humidity of air (decimal)
SVP = saturated vapor pressure of air (kg of water/ 
kg of dry air)
ATM = atmospheric pressure (101.325 KPa)
T = absolute temperature of air (°K)
Va = specific volume of air (m^/kg of dry air)
2.5 Aeration of Stored Grain ,
Aeration is the most widely used environmental control 
method for the preservation of grain in storage. It is 
defined as the practice of ventilating stored grain with 
low airflow rates to maintain grain quality. Aeration is 
practiced to 1) prevent moisture migration by maintaining a
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uniform temperature throughout the grain mass, 2) cool the 
grain to reduce mold growth and insect activity, 3) remove 
those storage odors that are not persistent, and 4) 
distribute fumigants in the grain mass (Brooker et al., 
1982). The primary benefits of aeration are preventing 
moisture migration and cooling the grain.
The extent of cooling depends upon climatic conditions. 
Operating aeration equipment allows the rice temperature to 
be kept well below the average ambient temperature at any 
time of the year. This minimizes mold growth, insect 
activity, and respiration of grain. Aeration generally 
results in slight additional drying, which reduces 
susceptibility to mold and insect damage. (Houston, 1972)
The main factors affecting the deterioration during 
storage of rough rice are temperature, relative humidity of 
air, rice moisture, oxidation, respiration, heating, micro 
organisms and rodents. Among all these factors, moisture and 
temperature of the grain are considered to be the most 
important in deterioration of grain (Chikubu, 1970).
An automatic control system of aeration provides a more 
accurate and consistent environmental control than a manual 
control. The manual control of grain dryers leads to 
overdrying and excessive stress-cracking of a part of the 
grain; it also requires more labor because of the half- 
hourly data-taking requirement (Brooker et al., 1982).
Aeration must be provided to prevent dry matter loss of
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grain. It keeps uniform temperature and moisture conditions 
throughout the storage. A lack of aeration allows both heat 
and carbon dioxide to accumulate at localized regions, thus 
producing conditions that shorten storage life of grain 
(Hall, 1980).
Zhang and Otten (1986) developed a grain storage 
control system based on temperature, moisture content, and 
carbon dioxide measurements. The system contained the 
following components: 1) simulation models to calculate the 
heat, moisture and carbon dioxide transfer processes in the 
storage facility, 2) a predictive model to predict the 
storage and ambient air conditions and the consequences of 
various possible aeration air conditions and the 
consequences of various possible aeration procedures, 3) a 
knowledge base to store experimental and empirical data such 
as safe storage criteria, parameters for transfer models, 
statistical weather data and aeration procedures, 4) a real 
time model to measure the current storage and ambient air 
conditions, analyze the measured data, detect deterioration 
and make control decisions, 5) the hardware to accomplish 
the measurements, computations, logical reasoning, and 
control action.
The first step in designing an aeration system is to 
select a suitable rate of airflow. This decision depends on 
the primary purpose of the system and to some extent on the 
dimensions of the storage structure. An aeration system used
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only to cool dry rice does not require as high an airflow 
rate as one used to maintain the quality of high-moisture 
rice or supplementary drying by cooling rice between drier 
passes (Houston, 1972). The aeration fan horsepower assuming 
62.8% static efficiency was computed as follows by Steffe et 
al. (1980):
FAN HP = Static pressure (Pa of water) * airflow (m^/s) / 
34,065.
Axial-flow fans are widely used on farm bins and for 
aerating grain in flat storages. Generally the axial flow 
fan will deliver more air than a centrifugal fan at static 
pressures up to about 10 cm of water. Centrifugal fans are 
recommended for higher static pressures. (Christensen, 1982) 
A cooling zone is established in each bulk of grain 
cooled by aeration. Total cooling time, including effects of 
moisture change and cooling zone depth, can be estimated for 
any consistent units of measure by a heat balance equation 
(Christensen, 1982).
Brooks (1950) reported that the suitability of the air 
for aeration could be assessed by analyzing the 
deterioration index (DI) of air. The DI was defined as 
following:
DI = (lARH - 65.0) * PAS / 10000 
where, lARH : initial air relative humidity (%)
PAS = exp( X / Y + 16.91134)
X = -27405.526 + (TA * 97.5413) - (0.146244 * TA^)
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+ (0.00012558 * TA^) - (0.48502E-07 * TA^)
Y = 4.34903 * TA - 0.3938E-02 * TA^
TA = lATEMP + 273.96 
lATEMP = initial air temperature, °C.
Teter (1981) reported that the deterioration index of 
5 or less was acceptable for rough rice. Burges and Burrel 
(1964) reported that cooling grain to 17®C or lower 
prevented granivorous insects from completing their life 
cycles quickly enough to cause significant build-up and 
damage to grain.
Pym and Adamczak (1985) reported the following criteria
of aeration: 1) air should have deterioration index less
than 5.0, 2) air temperature should be less than grain 
temperature, 3) equilibrium relative humidity of grain 
should be greater than relative humidity of air plus 5%.
Geddes (1952) reported that moisture content is the 
most important factor affecting the behavior of grain in 
storage. He also listed temperature, general condition of 
the grain, oxygen supply, storage duration, and the presence 
of molds (fungi) and insects as factors affecting the grain 
keeping quality. Fanse and Christensen (1966) proposed that 
a moisture content of 14% (w.b.) is the lower limit that 
permitted damaging invasion of storage molds.
Continuous operation of the aeration system is required
when high-moisture rice is placed in bulk storage
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temporarily and drying is delayed. The fan should be 
operated periodically when the air temperature is at least 
6°C below rice temperature and when the relative humidity is 
low enough so that moisture will not be added anywhere in 
the mass of rice (Schroeder and Calderwood, 1972), Stuckey 
et al. reported that optimum conditions at which the 
aflatoxin producing fungus Aspergillus flavus grows are: 
temperature between 27°C and 37®C, kernel moisture content 
of 18% (w.b.) or higher, and relative humidity of 85% or 
higher (Latif and Lissik, 1986). At an air temperature of 
about 13°C and moisture of 12% or less, fungus growth is 
stopped.
A moisture content below 13% in corn prevents invasion 
by storage fungi regardless of how long the grain is stored 
(Christensen and Kaufmann, 1972). Growth of fungi stops 
below 70% relative humidity and at a temperature of 12.3°C 
(Saul and Harris, 1977). Fungus growth is slow below 4°C and 
is negligible below 13% (w.b.) moisture content (USDA, 
1968). Insect activity is greatly inhibited at temperatures 
below 13.5°C (Cotton, 1934).
The respiration and dry matter loss of rough rice could 
be predicted with the mathematical equations proposed by 
Seib et, al. (1980), Teter (1981), and Murata et al. (1976). 
However, these prediction give inconsistent results.
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CHAPTER III
MATERIALS AHD METHOIS
3-1 Rice Moisture Model using Resistance-Type Moisture
Sensor
3.1.1 Drying System
An experimental dryer shown in Figure 1 was used for 
deep bed drying to continuously measure moisture content of 
rice. The drying system consisted of a drying chamber, an 
air conditioning unit, and an air flow measurement section. 
These sections were connected by insulated galvanized sheet 
metal ducts. The air conditioning air unit (Aminco-Aire^ 
unit. Parameter Generation Control Inc., Capacity : 8.4 
cubic meters per minute) supplied a continuous flow of 
conditioned air for drying. The air was drawn from the test 
chamber of the air conditioning unit through a spray of fine 
water droplets, the temperature of which was controlled by a 
thermostat. This process was continuous, and properly 
conditioned air was constantly supplied to the test chamber, 
maintaining the temperature and relative humidity within 
0.1°C and 0.5%, respectively.
description only and does not imply endorsement by the 
Louisiana Agricultural Experiment Station of the LSÜ 
Agricultural Center.
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Figure 2. Block diagram of data acquisition system for continuous 
monitoring of rice moisture content.
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A i m  long aluminum duct was attached to the output 
side of the air conditioning unit to measure the air flow in 
the system. The aluminum duct of internal diameter 14.95 cm 
was equipped with one damper. A digital air flow meter 
(Model 29-DODC, OTA Keiki Inc.) was inserted into the duct 
to measure the air velocity. The 60 cm high drying chamber 
was constructed with a 29.5 cm internal diameter PVC pipe. 
The bottom of this pipe was fitted with wire mesh to hold 
the grain. A series of 4-mm diameter holes were drilled on 
the wall of the drying chamber, and thermocouple probes and 
moisture sensors were inserted at the center of the drying 
chamber through the holes to monitor the temperature and 
moisture content of each layer. Additional holes of 2 cm 
diameter were also drilled to withdraw small samples from 
each of these layers for moisture determination. 
Thermocouple probes and moisture sensors were connected to a 
data acquisition system using a personal 'Apple lie' 
computer, Figure 2.
3.1.2 Resistance-Type Moisture Sensor
A commercially available resistance-type sensor was 
used to measure the moisture content of rough rice. The 
sensor consisted of two long, thin stainless steel plates 
fixed on a fiber board. Figure 3. The sensor utilized the 
property that the conductivity of water on the grain surface
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changes its electrical resistance. Figure 4. Three such 
sensors were used for the experimental measurement of the 
moisture content of rice during drying. The output signal 
from each of the moisture sensors was fed to a Delmhorst 
moisture detector (Model RC 20M) through a 24-channel 
Delmhorst station selector (Model SS-M). The moisture 
detector amplified the signals in 0 to 100 mV range and 
provided zero offsets. The output voltage from the moisture 
detector varied with the moisture content and temperature of 
the grain. The analog voltage signals were fed into a data 
acquisition system.
3.1.3 Data Acquisition System
A data acquisition system using a personal 'Apple lie' 
computer was developed for the data collection as shown in 
Figure 2. Two different types of thermocouple probes were 
used for measuring the temperatures of the grain and the 
drying air: chromel-alumel thermocouples with a shield were 
used for the drying air temperature at each location, while 
copper-constantan thermocouples without a shield measured 
the grain temperature. The output voltages from thermocouple 
probes were in the micro-volt range. D.C. amplifiers were 
therefore made with I.C. operational amplifiers as shown in 
Figure 5 (Beckwith et al., 1981). A signal conditioner 
(Model SC14, Interactive Structure Inc.) was used for analog
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inputs and outputs. It contained 16 input channels 
multiplexed into a 12-bit analog-to-digital converter (Model 
AI 13, Interactive Structure Inc.). The temperature and 
moisture content data were stored on floppy disks using a 
data acquisition program (Figure 6). The time interval of 
the data acquisition was adjustable because real time was 
set up into the personal computer with an Apple clock card 
and a subprogram written in an ASSEMBLY language.
3.1.4 Samples and Procedure
Long grain Labelle variety rice harvested during the 
1986 season in southwest Louisiana was stored in a 
refrigerator at 4°C. The initial moisture content of the 
homogeneous rough rice used for drying was in the 22 to 27% 
(w.b.) range.
The air conditioning unit was started, and the desired 
conditions of air temperature and humidity were set for each 
test. After a stabilization period of half an hour, the 
drying chamber was filled with 15 kg of rough rice the 
moisture content of which was determined by the standard 
oven method. Each test was run until the moisture content of 
the rice in the bottom layer reached 13% (w.b.). The output 
voltages from the moisture sensors and thermocouples of each 
layer were recorded automatically every half an hour using
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the data acquisition system. Hence, a Durbin-Watson test was 
conducted to investigate the time effect in the time-series 
data. The test in regression analysis of SAS/STAT (1985) 
provided a Durbin-Watson statistic to test whether or not 
the errors had first-order autocorrelation. The samples 
were also withdrawn with two replications every hour for 
moisture determination by the oven drying method (24 hours 
at 110°C). The relationship between the oven moisture 
values, moisture sensor outputs, and grain temperature were 
developed. New predictive models for rice moisture using 
the moisture sensors were hence developed for predicting the 
changes in rice moisture during drying at two different 
drying air temperatures.
First, the effects of grain depth (pressure) and 
orientation (horizontal and vertical) of the moisture sensor 
were investigated in a preliminary study at constant 
moisture content and grain temperature. Two moisture sensors 
were placed in the rice, one horizontally and the other 
vertically. The output voltages were recorded with different 
grain heights over the two sensors.
Then, drying tests for development of the moisture 
sensor model were conducted with three moisture sensors, one 
in each layer placed horizontally. Four of these tests were 
conducted at different inlet air velocities of 0.12, 0.13, 
0.30, and 0.40 m^/s/m^ at 38°C and 50% R.H. drying air, 
while the fifth test was conducted at an inlet air velocity
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of 0.12 m^/s/m^ with 50®C and 50% R.H. drying air. The four 
tests were conducted at 38°C as this is the common drying 
temperature recommended for on-farm in-bin rice drying.
Experimental results of deep bed drying tests were 
analyzed to develop predictive models of moisture content 
using regression analysis (SAS/STAT, 1983). The independent 
variables considered in this model were rice moisture 
content, grain or air temperature, air velocity, and drying 
time, whereas the dependent variable was the output voltage 
of the moisture sensor. A subset model from the full model 
with the above variables was developed to predict the output 
voltage of the moisture sensor. As the predictive model was 
developed, the moisture content of grain could be estimated 
by the model applying a statistical technique of a multiple 
inverse regression if the sensor voltage and grain 
temperature were measured. For the development of the 
predictive models, a selection of variables, comparison of 
regression lines, analysis of residuals, Durbin-Watson 
statistic to test a time effect, multicollinearity test, and 
ridge regression were considered. Draper and Smith (1981) 
and Neter et al. (1985). However, the ridge regression was 
never used in this study.
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3.2 Dynamic and Quasi-Static Rice Moisture Models
using Relative Humidity Sensors
3.2.1 Temperature and Humidity Sensors
A probe made by VAISALA Inc. consisted of a 
temperature sensor and a relative humidity sensor. It had a 
shield and a sintered filter to protect from dust and 
damage. The temperature sensor was made of a Pt-100 element, 
and the humidity sensor had a thin polymer film with a 
response based on capacitance change as it absorbed water 
vapor. The specific unit used was a VAISALA Model BMP 115A 
temperature and humidity probe, which had the following 
general specifications:
o Temperature sensor : 
Temperature measurement range 
Output uncertainty at 20°C 
Temperature coefficient 
Output signal
o Relative humidity sensor : 
Humidity measurement range 
Output uncertainty at 20°C
Output signal
-20 to 80°C 
: 1.5°C
: 0 to 4.25 mV/°C 
: 50 mV/°C and 0 to 5000 mV
: 0 to 100%
: 2% within 0 to 80% and
3% within 80 to 100%
: 0 to 5 Volt for 0 to 100% RH
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These sensors required a special humidity calibration 
because they were used continuously for long time and in the 
humidity range of 75 to 100% RH. The VAISALA calibrator 
(Model HMKll) was used for this calibration. The 
calibration is based on the known equilibrium relative 
humidity of saturated salt solutions of lithium chloride 
(12% RH) and sodium chloride (75% RH). Bottles of both 
solutions were housed in the metal box of the calibrator 
providing a stable temperature. Potassium sulphate (97% RH) 
solution was used for continuous high humidity calibration.
3.2.2 Data Acquisition and Drying Systems
The data acquisition and drying systems developed in 
the previous section were used for this experiment. Two 
sensors were used for measuring the temperature and relative 
humidity conditions of the local air surrounding the rough 
rice. The analog signals from the sensors were converted 
into digital values by a 12-bit analog-to-digital converter 
(Model AI13, Interactive Structure Inc.). The temperature 
and relative humidity of local air were stored on the floppy 
disk using the data acquisition program.
In the experiments of rice drying for validating the 
developed dynamic moisture models, an IBM PC data 
acquisition system, PC-ACQUISITOR made by Dianachart Inc.,
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was used instead of the Apple system. The PC-ACQUISITOR had 
48 input channels and auto-calibration for all 
thermocouples. It automatically adjusted its amplifier gain 
from input to input to insure the most accurate measurement 
possible. The data stored by the PC-ACQUISITOR could easily 
be analyzed by a spreadsheet program such as LOTUS 1-2-3.
3.2.3 Procedure For Dynamic Moisture Model
Long grain rice of Tebonette variety harvested during 
the 1987 season was stored in a refrigerator at 4°C. The 
initial moisture content of rice used in these tests ranged 
from 26 to 27% (w.b.).
A stabilization period of half an hour was allowed for 
the desired conditions of air temperature and humidity. The 
drying chamber was filled in a 33 cm deep column with 13 kg 
of rough rice and its moisture content was determined by the 
oven method (110°C for 24 hours). Each test was run until 
the moisture content of the rice in the bottom layer reached 
14% (w.b.). The output voltages from the temperature and 
humidity sensors of each layer were recorded automatically 
every half an hour using the data acquisition system. The 
samples were also withdrawn every hour for moisture 
determination by the oven drying method. The oven values 
were used to develop a predictive model between the oven
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values and the sensor values. Moisture models using humidity 
sensors were also developed for predicting the change in 
moisture content of rice during drying at fixed drying 
conditions. These tests were run at three different inlet 
air velocities of 0.13, 0.30, and 0.40 m^/s/m^ at 38°C and 
50% R.H. of the drying air. The drying tests were run at 
38°C as this is the common drying temperature recommended 
for on-farm, in-bin rice drying. The fourth test was run to 
validate the developed, general dynamic moisture model at 
the inlet air conditions of 45°C, 30% R.H. and the air 
velocity of 0.13 m^/s/m^.
Experimental results of deep bed drying tests were 
analyzed to develop predictive models of moisture content 
using regression analysis, SAS/STAT (1985). The following 
statistical techniques were generally used in developing 
predictive models: 1) scatter plot, 2) transformation for 
linearity, 3) F-test for equality of variances, 4) residual 
analysis, 5) test of normality, 6) multicollinearity test, 
7) selection of independent variables, 8) linearization 
technique of a non-linear model.
3.2.4 Development of Dynamic Moisture Model
A dynamic moisture model was developed for predicting 
the moisture content of rice during drying using the output
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from the temperature and humidity sensors. The development 
of this model was based on the following drying theory. The 
drying of a column of grain can be considered as an 
adiabatic process (Figure 7). This implies that the heat 
required for evaporation of the grain moisture is supplied 
solely by the drying air, without transfer of heat by 
conduction or radiation from the surroundings. As the air 
passes through the wet grain mass, a large part of the 
sensible heat of the air is transformed into latent heat as 
a result of the increasing amount of water held in the air 
as vapor. During the adiabatic drying process, there is a 
decrease in the dry-bulb temperature of the air, together 
with an increase in the humidity ratio and relative 
humidity, the vapor pressure, and the dew point temperature. 
The enthalpy and the wet-bulb temperature remain practically 
constant during the adiabatic drying process (Brooker et 
al., 1982).
Consequently, the following procedure was followed in 
developing a dynamic moisture model:
1) Ambient air is heated from point 'a' (ambient 
aircondition) to point 'b' (inlet air condition).
2) Rice drying is an adiabatic process, so rice is 
dried on a constant enthalpy line (or wet-bulb temperature 
line) from point 'b' to point 'c' (outlet air condition)
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Figure 7. Representation on the psychrometric chart of the 
process of grain drying.
o Initial Drying Potential = / Hj
o Local Drying Potential = H / H2
o Local Drying Potential = f ( LRH, LAT, RHo, ATo )
o Moisture Ratio of Grain = ( M - M e )  / ( Mo - Me ) 
o M. R. = f ( D. P. ) = f ( LRH, LAT, RHo, ATo )
o Drying Rate of Grain = f ( Air Velocity )
o M. R. = f ( LRH, LAT, RHo, ATo, Mo, Me, AV )
o Grain Moisture = f (LRH, LAT, RHo, ATo, Mo, Me, AV)
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with an initial drying potential of IDP.
3) The initial drying potential (IDP) is the ratio of 
absolute humidity of outlet air to saturated air from the 
basic line (ah) at the same wet-bulb air temperature and IDP 
= Hi / H2- The drying potential at a certain location, DP =
H / H2, is a function of local air temperature (LAT), local
air relative humidity (LRH), inlet air temperature (ATo), 
and inlet air relative humidity (RHo).
4) The local drying potential will decrease from 
point 'c' to point 'b' as the rice is dried. Local air 
conditions will approach the inlet air conditions. The 
moisture ratio at a certain location, (M - Me)/(Mo -Me), 
must be proportional to the drying potential at that 
location, where the equilibrium moisture content is 
calculated from the static EMC models. Therefore, the 
moisture ratio of rice in a location is a function of LAT, 
LRH, ATo, and RHo.
5) The drying rate of rice will be affected by the air 
velocity (AV). So, the air velocity should be considered in 
developing a general moisture model using humidity sensors.
6) Finally, grain moisture at a certain location can
be expressed in terms of LRH, LAT, RHo, ATo, Mo, Me, and 
AV;
(M - Me)/(Mo -Me) = f(LRH, LAT, RHo, ATo, AV)
M = f(LRH, LAT, RHo, ATo, Me, Mo, AV)
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3.2.5 Procedure For Quasi-Static EMC Model
A. Samples and Storage System
Rough rice drying data from these tests (intended for 
developing the dynamic moisture model) were used to develop 
a quasi-static EMC model. The rice was placed in the 
experimental drier, which was a lab-scale bin. Temperature 
and humidity sensors were inserted into each of the middle 
and top layers to predict the moisture content of the stored 
rice. The analog signals from the sensors were converted 
into digital values using the same data acquisition system 
described earlier.
B. Procedure
The temperature and relative humidity of the air 
surrounding the rice at a certain location were measured 
daily at each layer, while rice moisture content at that 
location was determined by the standard oven method. 
Nineteen data values were obtained from this experiment 
conducted in summer, and twenty data values from the 
experiment conducted in winter of 1987-88.
A quasi-static EMC model was developed for continuous 
monitoring of rice moisture during storage, using values of 
grain temperature and equilibrium relative humidity obtained
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from the sensors and the measured rice moisture. Three 
static models were considered for developing the quasi­
static EMC model of rough rice during storage, and the 
parameters of the static models were modified as needed to 
improve their goodness of fit. A linearization technique 
(Appendix B.5) was used for estimating the parameters of the 
nonlinear static EMC models. The modified models were 
compared with one another using the error mean square 
values. Grain temperature was assumed to be equal to the 
local air temperature during storage. The static EMC models 
(A, B, C) and a quasi-static function to be developed (D) 
are as follows:
A) Modified Henderson's (Renderson-Thompson's) equation : 
1-ERH = exp [-A * (GT+C) * ((100 * Me)®]
B) Chung-Pfost's equation :
ERE = exp [-A'/R / (GT+C) * exp(-B' * Me)]
C) Sabbah's equation (1968) :
Me = a * ERE® / GT^
D) Near quasi-static EMC model during rice storage :
M = f (LATjLRE)
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where, ERE : equilibrium relative humidity of the grain 
(decimal)
LRH : local relative humidity (%)
Me : equilibrium moisture content (decimal, d.b.)
M : moisture content (%,w.b.)
R : universal gas constant (1.987 Kcal/kg-mole, oK) 
AV : air velocity (m^/s/m^)
GT : grain temperature (®C)
LAT : local air temperature (°C)
A,B,C,A',B',C',a,b,c : constants
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3.3 Pressure Drop Model of Rough Rice
3.3.1 Samples and Experimental Apparatus
Long grain rice of Tebonette variety harvested during 
the 1987 season was stored in a refrigerator at 4®C. The 
initial moisture content of the rice used in these tests 
ranged from 26 to 27% (w.b.). The samples harvested by a 
combine contained 0.9% foreign material. The samples were 
dried with ambient air in the laboratory to obtain the 
required moisture content of rough rice for the pressure 
drop tests.
A deep bed experimental dryer fabricated in the 
Agricultural Engineering Department was used for measuring 
the pressure drop of air through rough rice. The 
experimental apparatus consisted of a drying chamber, an air 
conditioning unit, an airflow measurement section, and a 
pressure drop measurement section. The air conditioning unit 
supplied a continuous flow of conditioned air for measuring 
the pressure drop of air through rough rice. A digital 
airflow meter (Model 29-DODC, OTA Keiki Inc.) was inserted 
into the airflow outlet to measure the air velocity.
Two rubber hoses connected to a differential pressure 
transducer (Model 221A, MKS Instruments Inc.) were inserted 
into the center of the drying chamber through the side holes 
to measure the pressure difference at two locations (top and
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bottom layers). The pressure transducer operated in the 
range of 0 to 100 mm of water with a resolution of 0.01 mm. 
The transducer output was read and acquisitioned by a 
digital readout (PDR-C-lB, MKS Instruments Inc.) and a data 
acquisition system (PC-ACQUISITOR, Dianachart Inc.), 
respectively. The pressure drop was expressed in Pascals per 
meter of rice depth (Pa/m).
3.3.2 Procedure
A stabilization period of half an hour was allowed for 
the desired conditions of air temperature, relative 
humidity, and air velocity. The drying chamber was loosely 
filled with about 15 kg (depth 30 cm) of rough rice whose 
moisture content was determined by the standard oven method.
The experiments were conducted for developing a 
pressure drop model of rough rice at air velocities from
0.011 to 0.222 m/s in increments of 0.011 m/s at four rice 
moisture levels of 12.8%, 15.2%, 22%, 27% (w.b.) and air 
temperature of 25°C and 38°C. The relative humidity of the 
air in the tests was kept constant at 50%.
Experimental results of these tests were analyzed to 
investigate the effects of air velocity, rice moisture, and 
air temperature and to develop a pressure drop model of 
rough rice using regression analysis, SAS/STAT (1985).
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3.4 Respiration Model of Rough Rice
Long grain rice of Tebonette variety harvested during 
the 1988 season was stored in a refrigerator at 4°C. The 
initial moisture content of rough rice used for this 
experiment was between 23% and 27% (w.b.). The rough rice 
contained 0.9% foreign materials.
Respiration of the grain can be measured either in 
closed or in aerated (intermittent or continuous) systems. 
The closed system uses a static technique in which carbon 
dioxide produced after a fixed period is measured. The 
static method has great appeal because of its simplicity and 
also because it is assumed to duplicate conditions that 
exist in bulk storage (Pomeranz, 1982).
Hence, a static method was used to investigate the 
effects of rice moisture and temperature on the amount of 
carbon dioxide produced during storage of rough rice. The 
amount of carbon dioxide produced during storage of rough 
rice was measured with an aspirating pump (Model 400Â, 
Kitagawa Inc.) and stain detector tubes (Figure 8). The 
stain detector tubes used were of three different types; SA, 
SB, and SH. Type SA was for the CO2 range of 0 to 1.0%, 
type SB for the range of 0 to 2.6%, and type SH for the 
range of 0 to 20%. The detectable limits of each type were 
respectively, 0.005%, 100 ppm, and 0.1%. The volume of the 
aspirating pump was 100 ml. The reading of the stain
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detector tubes could be obtained directly from a color
change of the tube and from the scale printed on the tube. 
No temperature correction on the detector tubes was 
necessary at a temperature of 0°C to 40°C and also, no 
correction for relative humidity was needed. A new tube was 
used for each measurement of carbon dioxide.
Samples were stored for measuring the respiration of 
rough rice in sealed PVC barrels with a diameter of 0.286 m 
and a depth of 0.356 m (volume of 0.022805 m^ or 22.805 L). 
The size of the barrel was enough to supply the amount of
oxygen required for respiration of sample of 0.5 kg to 1
kg. Each sample stored in a barrel had a different storage 
condition. The storage conditions of the barrels are given 
in Table 1.
The concentration (%) of carbon dioxide produced from 
the respiration of the stored rough rice was measured at 
different locations (surface and middle layer of grain) of 
the barrel for a certain interval of time. The measured
concentrations of carbon dioxide were used to analyze the 
effects of rice moisture and temperature on the respiration 
of rough rice. The mechanical damage level for the rough 
rice was considered to be negligibly small.
The concentrations (%) of carbon dioxide were also 
expressed as mg of CO2 per 100 grams of dry matter to 
determine the dry matter loss (%) of rough rice. The 
accumulated amount of carbon dioxide (mg) produced per 100
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grams of dry matter for a storage duration was calculated 
using the following equation:
Carbon dioxide (mg per lOOg of dry matter)
= 0.1kg / (1 - 100 / M) / Sample weight (kg)
* Air volume (L) * 00^ concentration (decimal)
* (44,000mg / 22.4L)
where, 0.1kg/(1-100/M); rough rice weight (kg) per lOOg of 
dry matter,
air volume(L) = {barrel volume(L)-sample volume(L)},
barrel volume = 22.8L,
sample volume = 0.9L per 1kg rough rice
M: rice moisture content, % (w.b.).
A respiration model of rough rice was developed to predict 
the amount of carbon dioxide produced during storage of 
rough rice using the computed values (mg per lOOg of dry 
matter) of CO2.
STAINED I ORIGINAL
Figure 8. The aspirating pump and detector tube used for 
measurement of carbon dioxide.
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Table 1. Storage conditions of rough rice samples with 0.9% 









1 12.5 20 0.5
2 12.5 35 0.5
3 13.5 20 0.5
4 13.5 27 0.5
5 13.5 34 0.5
6 14.3 20 0.5
7 15.0 20 1
8 17.0 20 1
9 17.0 27 0.5
10 19.0 20 1
11 19.0 27 0.5
12 23.0 20 1
13 23.0 27 0.5
14 23.0 35 1
15 25.0 20 1
16 27.0 20 1
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3.5 Simulation of a Gas Ifodulating Control System 
with Air Recirculation for In-Bin Rice Drying
3.5.1 Assumptions of Simulation
The following assumptions were made for keeping the 
simulation simple:
1. Rice drying process is adiabatic with no conduction
2. A sensible heat equation is used to calculate the 
energy required to heat the drying (mixed) air during each 
time step. The sensible heat surrendered by the air in 
passing through the grain is equal to the latent heat of 
vaporization required to vaporize the water from the grain.
3. All the parameters of the sensible heat equation 
are assumed to be functions of time.
4. Natural gas is used as a fuel for heating the air 
during rice drying. The heat of combustion of the natural 
gas is assumed to be 49.395 MJ/kg or 33.625 MJ/m^ (900 
Btu/ft^).
5. The efficiency of the burner, which starts burning 
automatically if any gas exists, is assumed to be 0.95 based 
on the actual drying data (Verma and Jacobsen, 1987), and 
the burning rate of gas released from a tank was also 
assumed to be constant.
6. The amount of fuel required in heating the mixed air is
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assumed to be modulated accurately by a thermostatic valve 
to heat the air to an optimum temperature of 38°C.
7. Temperature and relative humidity of ambient air are 
assumed to be sinusoidal functions of time. Extreme values 
of their functions are assumed to be obtained at 3 P.M.
8. The capacity of an air fan (Model CCD-270-15XL, 11.2 
kW) is assumed to be 360 m^/minute.
9. A physical dehumidifier is, if required, used to 
reduce the humidity of recirculated air to the condition of 
ambient air. Its energy consumption is assumed to be zero 
because the dehumidifier made of a physical filter can 
remove the moisture of recirculated air using solar energy 
of a greenhouse. However, in case an electrical dehumidifier 
is used, its energy consumption is assumed to be a function 
of the air recirculation ratio and drying time.
10. Initial conditions of a batch of rice for drying are 
as follows: a) Total weight of wet rough rice is W=63,625 
(kg), b) Initial moisture content of the sample is Mq=0.307 
(decimal, d.b.), and final moisture content is Mf=0.126 
(decimal, d.b.). c) The static pressure drop of air is 
indicated by HEAD=0.116 (m of water), d) Rice drying starts 
at 9 A.M. and is conducted continuously for a batch of rice 
in August and December in southwest Louisiana, e) Thermal 
efficiency of the bin with a diameter of 8.23m is 0.8.
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3.5.2 Simulation Procedure
A. Network of Drying System
SLAM Il/PC (Simulation Language for Alternative 
Modeling, Pristker, 1986) was used to simulate the drying 
system as it has been demonstrated to analyze process models 
with both continuous and discrete events. The drying system 
described in this study has events that occur at 
respectively different time steps, such as gas in the burner 
tank is released. The amount of gas required in heating the 
mixed air (ambient air plus exhaust air) to an optimum 
drying temperature of 38°C during each time step is released 
from a gas storage tank or a line to a burner tank as an 
entity, XX(ll), of a network. The amount of a released 
entity was determined according to ambient and recirculated 
air conditions that change with time. For simplification, 
the amtfient air conditions were expressed as functions of 
time. The accumulated amount of heat, SS(2), a state 
variable of SLAM II, required during rice drying period was 
then simulated by analyzing psychrometric properties of the 
mixed air, which also change according to the air 
recirculation ratio.
The network of fuel used for rice drying is shown in 
Figure 9. The gas stored in a storage tank waited in an 
AWAIT node until the emptiness of the burner tank was
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o STANK : storage tank of gas, o SS(5) : total removed water 
o SS(7) : gas required during each time step 
o XX{12): total water to be removed from grains
Figure 9. SLAM 11 network in a gas modilating control system of rice drying.
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detected by a DETECT node, and the amount of gas required 
during next time period was determined. After the amount of 
gas was released to the burner tank in a normal 
distribution by a thermostatic valve of the storage tank, 
the gas amount was assigned by an ASSIGN node to ATRIB(l), 
an attribute variable of SLAM II. Then the gas amount of 
each time period and total amount used for rice drying were 
collected and plotted by a COLLECT node and a RECORD 
statement. The gas released from the storage tank was burned 
in the burner at a constant rate, which was expressed as a 
TERMINATE node. Finally, the simulation time was also 
determined by calculating the water removing rate during 
each time step, accumulated removed-water, and total water 
to be removed from the grain. When the accumulated removed- 
water, SS(5), reached the total water, XX(12), to be removed 
from the grain, the current time, TNOW, became a total 
simulation or drying time for a batch of rice. The drying 
time was detected by a STATE EVENT node, and the simulation 
program was stopped at time = TNOW.
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B. Network Program of a Gas Control System
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C. Ambient Air Conditions
Functions representing ambient air conditions were 
developed based on the National Weather Service data 
observed at Lake Charles and the LSD Rice Research station 
at Crowley in Louisiana. The hourly mean temperature and 
relative humidity observed at 3-hour intervals during August 
and September in 1982 and 1983 were plotted in Figures 10 
and 11. The mean weather data in December from 1940 to 1985 
in Louisiana were also used. The hourly mean temperature and 
relative humidity were expressed as sinusoidal functions. 
The mean maximum temperature and relative humidity and the 
mean minimum temperature and relative humidity were used to 
determine the amplitudes of the sinusoidal functions. The 
data observed at 9 A.M. were used as initial conditions of 
the sinusoidal functions, and the extreme values of 
temperature and relative humidity during a day were assumed 
to be observed at 3 P.M. in this simulation. The developed 
functions are as follows, and their R^ values were greater 
than 0.7 (significant at the 1% level):
T(t) = 28.6+5.4*Sin(PI*time/12) in Aug. of '82, '83, '86
T(t) = 11.44+5.56*Sin(PI*time/12) in Dec. of '40 to '85
RH(t) = 0.778-0.138*Sin(PI*time/12) in Aug. of '82 and '83
RH(t) = 0.77 -0.13*Sin(PI*time/12) in Dec. of '40 to '85
where, t = time (hour), T = ambient air temperature (°C) 
RE = ambient air relative humidity (decimal), and PI = 3.14
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Figure 10. Mean hourly airbient air temperature in South Louisiana (August and September).
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Figure 11. Mean hourly relative hunldlty of anrblent air In South Louisiana (August and Septeirber).
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D. Heat Required During Each Time Step
The energy required to heat the mixed air (ambient air 
plus recirculated air) during each time period was 
calculated from the following sensible heat (qi) equation 
(Brooker et al., 1982).
qi = Ca * 60 * V / Va * ( T38 - T^ix ) * DTNOW / 1000
where, qi = heat required during each time step (DTNOW), MJ 
Ca = heat capacity of air, KJ/(kg*°K)
= 4.18[0.2A+H{597.3/(T+273) + 0.441}]
V = airflow rate, 360 m^/minute 
Va = specific volume, m3/kg, dry air 
DTNOW = step size of drying time, hour 
Tgg = optimum drying temperature, 38®C 
Tmix = temperature of mixed air, °C
The variables, Ca, Va, and T^ix» were respectively 
calculated by the following procedures.
1) First, an exhaust air temperature, T=SS(3), was 
calculated at time=t. The exhaust air temperature varies 
from a point 'c' to 'b' as shown in Figure 12, which could 
be expressed as an exponential function of drying time: 
dT/dt = -XK*(T -38), or SS(3) = 38+(30.5-38)*exp(-XK*T) 
Where, an initial value of SS(3), Tg, and a drying constant, 
XK, were obtained from an actual drying test.
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Figure 12. Representation on the psychrometric chart of the 
process of rice drying with air recirculation.
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2) The absolute humidity, Hc(t)=SS(4), at time=t could 
be also expressed as an exponential function of drying time:
dH/dt = -XK * (H - Ha) 
or SS(4) = XX(6) + {0.025-XX(6)3 * exp(-XK*T)
Where, an initial value of SS(4),Hc, was obtained from a 
drying test and Eg was absolute humidity of ambient air, 
XX(6).
3) The temperature of mixed air, T^ (point 'd'), 
T<j=XX(4), was expressed by
Td = Ta(t) + XX(2) * {T - Ta(t)}.
Where, Ta = ambient air temperature (°C)
= 28.6 + 5.4 * Sin(PI*TN0W/12) = XX(3)
XX(2) = ratio of recirculated air to mixed air by 
volume, decimal.
Therefore, XX(4) = XX(3) + XX(2) * {SS(3) - XX(3)}.
4) The absolute humidity, Ha(t)=XX(7), of mixed air 
was calculated using the relative humidity of ambient air, 
RHaCt)=XX(5), similar to that of the temperature of mixed 
air. The absolute humidity of ambient air was expressed by 
the following equation (Brooker et al., 1982):
Ha(t)=XX(7) = 0.6219 * RHa(t) * SVP / {ATM - RHa(t) * SVP] 
where, ATM = atmospheric pressure (101.323 kPa)
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-0.39381E-2*(Ta(t)+273)2}]
This equation for SVP is valid for 273.16 °K < Ta(t)+273 < 
533.16 °K, (ASAE Data, 1979), and
RHa(t) = 0.778 - 0.138 * Sin(PI*TN0W/12) = XX(5) in August.
Therefore, the absolute humidity (kg/kg) of mixed air, 
XX(7), was
Hd = Ha(t) + XX(2) * {H - Ha(t)}
or XX(7) = XX(6) + XX(2) * {SS(4> - XX(6)}
However, if a dehumidifier was used to remove the water in 
the exhaust air to bring it to the condition of the ambient 
air, the term {SS(A) - XX(6)} was assumed to be zero.
5) The specific volume of mixed air (m^/kg), V a = X X (8 ), 
was (Brooker et al., 1982).
XX(8) = 2.833E-3*{XX(3)+273}*{1+1.6078*XX(7)} 6)
The heat capacity (kJ/kg/°K), Ca=XX(9), of mixed air was 
calculated by the following equation:
XX(9) = 4.18 * [0.24 + Hd(t) * {597.3/(Td(t)+273) + 0.441}]
= 4.18 * [0.24 + XX(7) * {597.3/(XX(4)+273) + 0.441}]
7) The mixed air was assumed to be delivered from a 
fan to the heater. Then, the amount of heat, XX(IO), 
supplied by the fan was considered as auxiliary heat. The 
horsepower of the fan was calculated as follows:
HP = V*r*HEAD/4500 = 360 / XX(8) * HEAD * 835.2/4500 
where, HP = horsepower of the air fan, hp
V = airflow rate delivered, 360 m^/minute
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r = specific weight of mixed air=l/va=l/XX(8), 
kg/m^
HEAD = static pressure drop, m of water
The static pressure drop in m of water should be converted 
into m of air height (1 m of water = 835.2 m of air). The 
efficiency of the electrical fan was assumed to be 0.7, so 
the actual power was 0.7 * HP. The accumulated heat (MJ), 
SS(6), supplied by the fan was expressed as follows:
SS(6) = SSL(6)+{360/XX(8)}*HEAD*(835.2/4500)*2.6845*DTN0W 
= SSL(6) + {179.367552 / XX(8)} * HEAD * DTNOW 
Where, SS(6) = accumulated heat supplied by the fan to 
the mixed air, 1 hp = 2.6845 MJ.
Therefore, a temperature increase, XX(IO), due to the 
energy supplied by the fan during each time step was 
calculated as follows:
Hekt required to raise temperature by DT during each
time step = Ca * 60 * V / v^ * DT * DTNOW
or 179.3672 / XX(8) * HEAD * DTNOW * 1000 * 0.7
= Ca * 60 * 360 / v^ * DT * DTNOW
Therefore, DT = {179.3672/XX(8)}*HEAD*1000*0.7/ 
XX(9)/60/360*XX(8)
= 5.812825926 * {HEAD / XX(9)}
= XX(IO)
Consequently, the energy (MJ), qi=XX(l), required to 
heat the mixed air to a temperature of 38°C during each
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time step could be calculated by the following equation: 
XX(1) = {XX(9)/XX(8)}*60*360*{38 - XX(4)-XX(10)}*DTNOW/0.95 
Where, 0.95 indicates the thermal efficiency of the burner. 
The amount of gas (kg), SS(1), required for the heat energy 
during each time step was XX(l)/49.395, where 49.395 MJ/kg 
indicates the heat of combustion of natural gas. The total 
amount of gas consumed in the burner was also calculated as 
follows:
SS(l) = SSL(l) + XX(l) / 49.395
The amount of gas to be released into the burner tank 
during each time step was expressed as follows:
SSC7) = XX(1) - GASMIN 
where, GASMIN : initial small amount of gas in the burner
Hence, when the amount of gas, SS(7), crossed a threshold of 
zero, the gas required for the next time step was released 
from a storage tank or line to the burner tank, which was 
detected by a DETECT node. The total amount of gas released, 
XX(20), was computed by a COLLECT node until the drying was 
completed.
E. Simulation Time of the Modulating Control System
The water removal rate during each time step and the 
accumulated removed-water were calculated to determine the 
simulation time (total drying time). The water removal rate
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(WMR) was the product of input mass airflow rate and the 
difference between absolute humidity of exhausted air at 
time=t and the absolute humidity of mixed air, and it can be 
expressed as:
WMR = {60 * V / XX(8)} * (SS(4) - XX(7)}.
The water removed during each time step was WMR * DTNOW and 
the accumulated removed-water, SS(5), was expressed by the 
following equation using SLAM II variables:
SS(5) = SSL(5) + 60*360 / XX(8) * (SS(4) - XX(7)} * DTNOW. 
Then, total water, XX(12), to be removed from an initial 
moisture content (Mq, decimal, dry basis) of the grain (W, 
kg) to a final moisture content (Mf, decimal, dry basis) was 
W * (Mq - Mf). Consequently, when the accumulated removed- 
water reached the total water to be removed for rice drying, 
the current time, TNOW, was considered as the total drying 
simulation time.
F. Conventional Drying System
An analysis of a conventional in-bin rice drying system 
was required to compare the modulating control system with a 
conventional one. The total heat required for drying rice 
from initial moisture, Mq (decimal, d.b.), to final 
moisture, Mf (decimal, d.b.), in a conventional drying 
system was estimated by the following equation:
Q = hfg * W * (Mo - Mf)
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where, Q = total heat required in a conventional system (KJ) 
hfg = heat of vaporization (MJ/kg)
W = total weight of wet rice to be dried (kg)
The value of the heat of vaporization was expressed as a 
function of rice temperature and rice moisture by Wang 
(1978). The effect of rice moisture was greater than that of 
rice temperature on the heat of vaporization. However, the 
value during rice drying should be based on an estimate of 
mean rice temperature and grain moisture in the drying zone. 
Consequently, the heat of vaporization was calculated by 
Wang's equation at the mean rice moisture of 14.5% (w.b.) 
and mean rice temperature of 30°C, which was 2.742 MJ/kg. 
Brooker et al. (1982) suggested a constant value of 2.790 
MJ/kg, which results in a conservative estimate of drying 
time. But the actual energy consumption in a conventional 
burner used in a multi-layer in-bin rice drying was 3.580 
MJ/kg (Verma and Jacobsen, 1987). It was estimated that the 
multi-layer drying consumed much more energy than a deep bed 
drying of a batch. The total heat (MJ) required for drying 
rice in a bin system was calculated considering a drying 
efficiency of the in-bin dryer of 0.80 in August:
Q = XX(13) = 2.742 * W * (M^ - Mf) / 0.80
However, the drying efficiency of the in-bin dryer in
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December could not be estimated because the data of drying 
tests conducted in December were not available. The drying 
efficiency in December must be lower than that in August 
because of low ambient air temperature. Hence, the total 
heat, XX(13), required for rice drying in December was 
calculated from the energy used in heating the ambient air 
to a drying air temperature of 38°C. The total drying time, 
gas energy used for heating air, and electricity consumed by 
a fan were calculated for determining the total heat, 
XX(13), required in December.
The gas in the conventional drying system (without a 
gas modulating control and air recirculation) was released 
from the gas storage tank or line and burned at a constant 
rate. The total amount of gas, XX(14), used in the system 
was hence calculated by the following equation:
XXC14) = {XXC13) - XX(19)*0.7)
where, XX(13) = total heat required in the conventional 
system (MJ)
XX(19) = heat supplied by the air fan in the 
conventional system (MJ)
= {179.367552 / XX(16)} * HEAD * XX(18)
0.7 = thermal efficiency of the fan
The drying time, XX(18), in the conventional system was
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estimated from a heat balance equation between sensible 
heat of drying air and latent heat of vaporization. The heat 
balance equation for the drying process could be written as 
follows:
Ca * 60 * V / Va * (38-Te) * time = hfg * W * (Mo-Mf)/0.8 
Therefore, time = {hfg*W*(Mo-Mf)/0.8}*Va/Ca/60/V/(38 - Te) 
or XX(18) = XX(13) * XX(16) / XX(17) / 21600 / (38-Te)
Where, Va=XX(16) and Ca=XX(17) were calculated at mean 
temperature (Te, °C) and relative humidity (RHe, decimal) of 
exhaust air,
V = 360 m^/minute, hfg = 2742 KJ/kg,
USERF(T) = a function of saturated vapor pressure,
0.8 = drying efficiency of a bin dryer,
XX(15) = mean absolute humidity of exhaust air, kg/kg 
=0.6219*RHe*USERF(Te)/{101.325-RHe*üSERF(Te)} 
XX(16) = specific volume of air, m^/kg
= 2.833E-03*(Te + 273)*{1+1.6078+XX(15)}
XX(17) = heat capacity of air, KJ/kg/°K,
= 4.18*[0.24+XX(15)*{597.3/(Te+273)+0.441}] 
XX(19) = heat supplied by a fan,
= 179.367552 / XX(16) * HEAD * XX(18)
Finally, the controlled drying system with air 
recirculation and with or without dehumidification, and the 
conventional drying system were compared in terms of energy
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consumption of gas and electricity, drying time, energy 
savings, and drying cost. The effects of modulating gas 
control and air recirculation were analyzed. The simulation 
model was validated by comparing the simulation results with 
actual data obtained in the in-bin drying tests conducted by 
Verma and Jacobsen (1987).
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3.6 PC-Based Automatic Aeration of Rough Rice
The PC-based automatic aeration system consisted of the 
knowledge of the control criteria, software of the aeration 
system, and hardware of the aeration system such as 
electrical sensors, a continuous monitoring system with a 
personal computer (PC), an on-off control system, fan, 
heater, dehumidifier, and stirrer. Some control criteria for 
the automatic aeration system of rough rice were determined 
using the continuous monitoring system developed for the 
stored rough rice. The aeration system using the control 
criteria was also later evaluated.
3.6.1 Control Criteria of Rice Aeration
The main factors affecting the deterioration during 
storage of grain are temperatures of air and grain, 
relative humidity of air, grain moisture, grain respiration, 
grain oxidation, insects, rodents, and micro organisms. 
Among these factors, moisture, temperature, humidity, and 
respiration are considered as the most important in grain 
spoilage. Therefore, the control criteria for aeration was 
based on a) temperatures of air and rice, b) relative 
humidities of local air and ambient air, c) rice moisture 
content, d) dry matter loss of rice, and e) deterioration 
index.
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The continuous rough rice monitoring system using the 
electrical sensors for temperature and moisture was used for 
the determination of control criteria of rice aeration. 
Storage conditions of rough rice were recorded and monitored 
for several different trials, and the data were analyzed to 
evaluate the control criteria of rice aeration.
3.6.2 Hardware of Automatic Aeration System
The automatic aeration system consisted of four main 
parts; electrical sensors, a digital data acquisition system 
with a personal computer, an on-off control system with ten 
relays, and equipment required for aeration (Figure 13).
Temperature and humidity sensors with a filter (Vaisala 
Inc.) were used to measure the temperature and relative 
humidity of ambient air and the air surrounding the grain, 
while copper-constantan thermocouples were used to measure 
the rice temperature.
A 'digital data acquisition system, 48-channel PC- 
ÂCQUISITOR, was used to continuously record and monitor the 
conditions of the air and grain. The PC-ÂCQUISITCR had a 
wide measurement range of 0.3 micro volts to 10 volts, 16 
bit resolution, +/- 0.02% accuracy of range, 11 on-off TTL 
inputs, 10 TTL outputs, and special functions of auto­
calibration and auto-amplification. It included hardware to 
measure the cold junction temperature for thermocouples, and














Figure 13. Automatic aeration system of rough rice
72
to provide excitation to RTDs, strain gages and pressure 
transducers. The PC-ACQUISITOR automatically adjusted its 
amplifier gain from input to input so as to make the most 
accurate measurement possible. These gain changes were 
automatically compensated for by the measurement software, 
and the value measured was in volts, scientific, or 
engineering units.
A RO-Relay-Output (Dianachart Inc.) was used for 
control/alarm of the rice aeration system. It had 10 on-off 
relays and driver circuitry to operate high-level circuits 
from the TTL outputs of the PC-ACQUISITOR. Each output was a 
2-pole double throw relay with contacts rated at 3A, 120V 
AC. The relays were of plug-in type and a LED status 
indicator was provided.
During aeration, an axial suction-fan (20 W), a 
stirrer (Sargent, Inc.) and an automatic dehumidifier 
(Kenmore, Inc.) with water removal rate of 295.7 cm^/hr were 
automatically controlled. The air conditioning unit was, if 
required, operated by an alarm signal from the PC- 
ACQUISITOR. The model dryer used earlier was also used as 
the storage bin for aeration. The fan power was calculated 
from the static pressure drop of air and the airflow rate 
(0.016-0.804 cmm/m^ of grain, Brooker et al., 1982)
recommended for aeration of dried rough rice. The pressure 
drop of air through rough rice in the model bin was
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predicted by the pressure drop model of rough rice developed 
in the previous section.
3.6.3 Software for Automatic Aeration System
A menu-driven software, ACQ.BAS written in BASIC 
language of the PC-ACQUI SITOR, was modified for automatic 
rice aeration. The modified software of the automatic 
aeration system consisted of three main parts; a main 
program for data acquisition, recording on disks, and 
continuous monitoring; a subroutine program for special 
calculations; and a subroutine program for control/alarm.
Moisture content, dry matter loss, and deterioration 
index of the stored rough rice were calculated in one 
subroutine program. A control program based on the control 
criteria was written in another subroutine to operate the 
aeration equipment.
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CHAPTER IV
RESULTS AHD DISCUSSION
4.1 Rice Moisture Model using Resistance-Type Moisture
Sensor
4.1.1 Effects of Grain Depth and Sensor Orientation
The effect of grain pressure on the two moisture 
sensors placed horizontally and vertically was investigated 
at constant grain moisture content and temperature. The 
effect of grain depth on the sensors at a moisture content 
of 26% (w.b.) and grain temperature of 13°C is shown in 
Figure 14. The output voltages of the two moisture sensors 
increased at a rate of about 0.2 mV per unit grain depth (m) 
of rice over the moisture sensors. If the grain depth is 10 
m, an increase of the sensor output is estimated to be 
about 2 mV. However, the effect of grain depth on the 
moisture sensors was negligible as compared to that of 
moisture content and temperature in t-tests. There was no 
significant difference as shown by the F-test using a dummy 
variable method on the output voltages of the sensors placed 
horizontally and vertically. Figure 14.
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Figure 14. The effect of grain depth on the moisture sensor 
with rice conditions fixed.
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4.1.2 Effects of Moisture Content and T«perature
The moisture sensor output was a linear function of the 
moisture content and grain temperature. The higher the rice 
moisture content and temperature, the higher were the sensor 
output voltages. However, as rice dried, rice moisture 
content decreased, and the temperature increased. There was 
an interaction effect of moisture content and temperature on 
the output voltage of the sensors.
The effect of moisture content alone on the sensors was 
observed at the constant grain temperatures of 25°C and 
28°C. There was a linear relationship between the output 
voltage of the sensors and the limited moisture content of 
grains at the 25®C grain temperature as shown in Figure 15. 
But the relationship for the constant grain temperature of 
28°C was curvilinear at the moisture content between 19% and 
24%. The effect of grain temperature on the sensors was 
also observed at a moisture level of 22% (w.b.) as shown in 
Figure 16. The output voltages of the sensors increased 
linearly with an increase in grain temperature but decreased 
as the rice dried. Accordingly, grain temperature and 
moisture had an interactive effect on the sensor voltages.
During deep bed rice drying, the grain temperature of 
each layer increased with drying time until it reached a 
constant drying zone temperature as shown in Figures 17 and 
18. The sensor voltages increased with drying time in the
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Figure 15. The effect of moisture content on the moisture 
sensor at the constant grain temperature of 
25“C and 28°C.













Figure 16. The effect of grain temperature on the 
moisture sensor at the moisture content 
of 22 Z (w.b.).













DRYING TIME (IN HOURS)
Figure 17. The change of grain temperature with drying time at the inlet drying 















DRYING TIME (IN HOURS)
18. The change of grain temperature with drying time at the inlet 
air temperature of 50°C.
drying
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beginning of drying due to the effect of grain temperature 
on the sensors, but after about half an hour, the voltages 
began to decrease irrespective of sensor orientation as the 
rice dried. Figures 19 and 20. The sensor voltages decreased 
slowly with drying time because the effect of moisture 
content on the sensors was greater than that of the 
temperature. The rice moisture content could not be 
predicted satisfactorily by only the moisture sensor without 
considering the grain temperature.
The sensors showed low performance in the low moisture 
range of below 12%, (w.b.) and at high drying temperatures 
of above 50°C, but they had good repeatability and response 
time irrespective of grain dust. As the sensor voltages were 
primarily affected by the moisture at the grain surface, 
grains that were recently dried with high temperature air 
gave lower readings than the actual moisture content of 
grains. However, the moisture content of rough rice could be 
predicted well with the sensor voltage if the grain 
temperature was known. Hence, the sensor voltage could be 
expressed as a function of moisture content, grain 
temperature, and their interaction. The temperature of air 
surrounding the grain at a certain location instead of grain 
temperature was more practical to measure and was therefore 
used for predicting the moisture content of grains. This air 
temperature however depended on the velocity of the drying 
air, and hence, the sensor voltage was expressed as a
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Figure 19. The change of sensor voltage with drying time at the inlet drying


















DRYING TIME (IN HOURS)
Figure 20. The change of sensor voltage with drying time at the inlet drying
air temperature of 50°C and initial moisture content of 27% (w.b.).
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function of moisture content, air temperature, air velocity, 
and the interaction of moisture content and air temperature. 
Thus, the moisture content of rough rice at all locations 
during drying can be predicted well with the moisture 
sensors.
4.1.3 Predictive Model of Moisture Sensor
The significant variables for the sensor voltage were 
selected from those of the full model by a forward method of 
the regression procedure (SAS/STAT, 1985). The significant 
variables were moisture content, grain temperature, and 
their interaction for both drying temperatures of 38°C and 
50°C. The drying time variable was not significant because 
moisture content and temperature were functions of the 
drying time which were included in the regression. Air 
temperature instead of grain temperature can also be used in 
the predictive model of moisture content, but a variable of 
air velocity should to be added to this model.
Regression lines for the three layers (top, middle, 
bottom) at which sensors were located were developed and 
tested with the dummy variable method (Neter et al., 1983) 
to test whether the three lines could be expressed as one 
regression equation or not. The lines were expressed as a 
predictive model because there was no effect of sensor 
location. Two regression lines were developed for the drying
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temperatures of 38®C and 50°C, but the regression 
coefficients of the two lines were significantly different. 
The predictive models are as follows.
MODEL 1. Moisture model using grain temperature 
V = a * M  + b * G T  + c * M * G T  + d
where,
V : output voltage of moisture sensor (mV)
M : moisture content of rough rice (%,w.b.)
GT : grain temperature (°C) 
a,b,c,d: regression coefficients
Applying an inverse regression, the grain moisture can be 
expressed as following:
M = (V - b * GT - d) / (a + c * GT)
Model l.a: for drying air temperature of 38°C
a = -14.33, b = -13.27, c = 0.78, d = 297.59, = 0.944
Model l.b: for drying air temperature of 50°C
a = 41.91, b = 19.19, c = -0.97, d = -795.83, = 0.951
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MODEL 2 Moisture model using local air temperature
V = a'* M + b'* AT +c'* M * AT +d'* AV + e*
where, AT : local air temperature (®C)
AV : inlet air velocity (m^/s/m^)
Applying an inverse regression, the grain moisture can be 
expressed as following:
M = (V - b ’* AT - d'* AV - e') / (a' + c'* AT)
Model 2.a: model 2 for middle and bottom layers at
drying air temperature of 38°C, = 0.889
a'=20.41, b'=11.10, c'=-0.50, d'=-50.72, e'=-402.11
Model 2.b: model 2 for middle layers at drying air 
temperature of 38®C, = 0.870
a'=21.05, b'=12.06, c'=0.50, d'=-53.86, e'=456.08
Model 2.C: model 2 for bottom layers at drying air 
temperature of 38®C, R^ = 0.952 
a'=18.89, b'=8.08, c'=-0.53, d'=-24.91, e'= -261.03,
Residuals between observed sensor voltages and values 
predicted with the above models showed a random distribution 
around the base line through residual value of zero. The
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error terms were independent in the residual plots. The time 
effects (first-order autocorrelation of errors) in models 1 
and 2 were not significant at the 10% level in the Durbin- 
Watson tests. Also, the points in the normal probability 
plot fell reasonably close to a straight line, suggesting 
that error terms were approximately normally distributed.
The analysis of variance and multicollinearity tests for 
the predictive models were also carried out. The predictive 
model 1 had slightly unstable regression coefficients 
because the variance inflations of factors (SAS/STAT, 1985 
and Neter et al., 1983) were more than 10 (Appendix A). The 
condition number in Eigen system analysis (SAS/STAT, 1985) 
for the interactive variable of moisture and grain 
temperature was also more than 10. It was considered as a 
multicollinearity due to a correlation between moisture and 
temperature variables, and the interactive variable. 
However, the interactive variable was necessary in the 
moisture sensor model in order to predict rice moisture 
accurately because the interactive effect of rice moisture 
and temperature on the output voltage of moisture sensors 
existed during rice drying. The multicollinearity was more 
serious in model l.b than in model l.a. The moisture sensors 
showed low performance at high air temperature of 50°C. 
Hence, a different electrical sensor is required to 
continuously predict rice moisture at drying air 
temperatures of more than 50°C. Model 2 had regression
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coefficients with large variances, so model 2 might show 
relatively high sensitivity of estimates to small changes in
the independent variable, as compared with model 1. Model 1
was better than model 2 because model 2 had different 
regression coefficients for different drying layers in the 
F-test using a dummy variable method for the comparison of 
regression lines.
The moisture content of rice during drying can be 
predicted by inverting model 1. The comparison between the 
observed moisture content and predicted values is shown in 
Figures 21 and 22. As non-uniform drying was observed in the 
top layer because of vapor condensation from the walls and 
high drying temperature, the moisture content values of the 
top layer were not included in Figure 22. Model 1 was more 
predictable than model 2 as drying time increased because 
the effect of grain temperature decreased with time. The 
distribution of residuals between observed moisture content
and predicted values is shown in Figures 23 and 24. The
three residuals at the top layer in the beginning of drying 
(Figure 23) were considered as outliers due to non-uniform 
drying (water condensation) at the top layer. However, the 
residuals except the outliers showed a random distribution. 
So, a weighted least square method was not considered.
Finally, the moisture content during drying and storage 
of rough rice was predicted well using model 1, and the 
resistance-type moisture sensors.
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Figure 21. The comparison of observed and predicted values of moisture content 
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Figure 22. The comparison of observed and predicted values of moisture content 
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Figure 23. The distribution of residuals between observed and predicted moisture 
content at the inlet drying air temperature of 38“C and relative 
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Figure 24. The distribution of residuals between observed and predicted moisture 
content at the inlet drying air temperature of 50°C and relative 
humidity of 50 %.
4.2 Dynamic and Quasi-Static Rice Moisture Models 
using Relative Humidity Sensors
4.2.1 Dynamic Moisture Model During Drying
During drying rice moisture continuously changes due 
to air movement. The temperature of rice and drying air 
also simultaneously change through the transfer of mass and 
heat between rice and the drying air. The predictive model 
of rice moisture during drying is considered here as a 
dynamic rice moisture model for these reasons although the 
model does not include the time variable because of no 
significant effect of time on the rice moisture ratio in the 
t-tests on the parameters of moisture models.
The temperature and relative humidity changes of the 
local air surrounding the rice during drying at a fixed 
inlet air condition were recorded using the humidity sensors 
and are shown for top and middle layers in Figures 23, 26, 
and 27. The constant local air temperature of the middle 
layer shown in the figures was during the presence of the 
drying zone at that location. As grain drying is usually 
assumed to be an adiabatic process, it was considered to 
proceed along the constant enthalpy line or approximately 
the constant wet-bulb temperature line. The local air 
temperature of the top layer also showed the same trend 
after increasing initially until the drying front reached
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Figure 25. The change of local air temperature with drying time at the Inlet air 
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Figure 26. The change of local air temperature with drying time at the inlet air 
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Figure 27. The change of local air temperature with drying time at the Inlet air 
temperature of 38'C, relative humidity of 50%, and air velocity of 
0.40 m^/s/m^.
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the top. The local air temperature of the top and middle 
layers then increased with drying time until rice drying 
was completed.
The changes in air relative humidity and the measured 
rice moisture content at a location during drying are shown 
in Figures 28, 29, and 30. When the rice moisture was less 
than a critical moisture level, the relative humidity of 
local air decreased with a decrease in rice moisture content 
during drying. The equilibrium relative humidity of the 
local air was always above 99% at the high moisture contents 
of 22% or above. The critical moisture level at which the 
local relative humidity started to decrease depended on the 
drying air velocity. These critical moisture levels were 
22.5%, 25%, and 26% for the air velocities of 0.13, 0.30, 
and 0.40 m^/s/m^, respectively.
A strong relationship between the local air relative 
humidity and the measured moisture content of rice is seen 
in Figures 28, 29, and 30. The relationship between local 
air temperature, relative humidity, and measured moisture 
content of rice is shown in Figures 31 and 32 at three 
different air velocities and a fixed inlet air condition. 
There was a curvilinear relationship between temperature, 
relative humidity of the local air, and the measured rice 
moisture. A linear natural-1og transformation was applied to 
the three variables. The transformed variables had a highly 
linear relationship with each other as shown in Figures 33
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Figure 28. The change of local air relative humidity and measured moisture content 
with drying time at the inlet air temperature of 38°C, relative humidity 
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DRYING TIME (IN HOURS)
Figure 29. The change of local air relative humidity and measured moisture content 
with drying time at the inlet air temperature of 38°C, relative humidity 














DRYING TIME (IN HOURS)
Figure 30. The change of local air relative humidity and measured moisture content 
with drying time at the inlet air temperature of 38°C, relative humidity 
O f 50%, and air velocity of 0.40 m^/s/m^.
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Figure 31. The relationship between local air relative 
humidity and measured M.C. at the inlet air 
temperature of 38“C and relative humidity of 50%.
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Figure 32. The relationship between local air temperature and
measured moisture content at the inlet air temperature 
Of 38“C and relative humidity of 50%.
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Figure 33. The relationship between Log. of local air temperature 
and Log.Of measured moisture content at the inlet air 
temperature of 38“C and relative humidity of 50%.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.















+ +  i%
2.8
2.5
2.2 3.7 4.0 4.3 4.6 4.9
LOGARITHM OF AIR R.H.(%)
Figure 34. The relationship between Log.of local air relative 
humidity and Log.of measured moisture content at 
the inlet air temperature of 38“C and relative 
humidity of 50%.
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and 34. Then, the logarithm of the dimensionless rice 
moisture ratio could be expressed as a function of the 
logarithms of the local air temperature ratio and relative 
humidity ratio at a fixed air velocity. The dynamic moisture 
models developed at different air velocities and also a 
generalized dynamic moisture model are as follows:
Model 3.a: at low air velocity of 0.13 m^/s/m^
Ln{(M-Me)/(Mo-Me)} = aLn{ (RH-RHo ) / ( 100-RSo ) } + 
a'[Ln{(RH- RHo)/(100-RHo)}+ bLn{(To-T)/(To-Ti)} + c 
a=0.9524, a '=0.0926, b=-0.1159, c=-0.2461, = 0.995
Model 3.b: at recommended air velocity of 0.3 m^/s/m^ 
a=0.0302, a'=0.0000, b=0.6878, c=-0.0943, = 0.978
Model 3.C: at high air velocity of 0.4 m^/s/m^
a=0.1358, a'=0.0000, b=0.1898, c=-0.0781, R^ = 0.986
Model 4: A Generalized Dynamic Moisture Model
Ln{(M-Me)/(Mo-Me)} = aLn{(RH-RHo)/(100-RHo)} +
a*{Ln(RH-RHo)/(100-RHo)}2 + bLn{(To- 
T)/(To-Ti)} + c + dLn(AV)
a=0.5857, a'=0.0489, b=0, c=0.6878, d=0.5520, R^ = 0.943 
where, Tf : initial local air temperature(°C) of the bottom 
layer at a time of 0.5 hour. unit of d : l/(m^/s/m^).
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Rice moisture contents predicted with the dynamic 
moisture models 3.a, 3.b, and 3,c during drying were 
compared with the moisture values measured by a standard 
oven method at the different air velocities as are shown in 
Figures 35, 36, and 37. The dynamic moisture models 3.a, 
3.b, and 3.c predicted rice moisture during drying very well 
at different air velocities except when rice moisture values 
were above 23% (w.b.). In this case, the local relative 
humidity of the air surrounding the rough rice in the drying 
chamber was more than 99%. This limitation was not critical 
in continuously predicting rice moisture during drying.
The analysis of variance (Appendix B) of the dynamic 
moisture models showed that the local air relative humidity 
was more significant than the local air temperature on the 
rice moisture in models 3.a, 3.b and 3.c. The dimensionless 
variables of local air temperature ratio and relative 
humidity ratio were affected by the drying air velocity. 
However, the local air temperature ratio was never 
statistically significant at a 90% level in the generalized 
dynamic moisture model with the variable of air velocity.
As a result of residual analysis for the transformed 
data, the residual variance was constant as shown in Figure 
38. The error terms were independent in the residual plot. 
The time effects in all dynamic moisture models were not 
significant at the 10% level by Durbin-Watson statistics to













DRYING TIME (IN HOURS)
Figure 35. The comparison of measured and predicted values of moisture content 
at the inlet air temperature of 38°C, relative humidity of 50%, and 













DRYING TIME (IN HOURS)
Figure 36. The comparison of measured and predicted values of moisture content at 
the inlet air temperature of 38°C, relative humidity of 50%, and air 
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Figure 37. The comparison of measured and predicted values of moisture content 
at the inlet air temperature of 38“C, relative humidity of 50%, and 
air velocity of 0.40 m^/s/m^.
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Figure 38. The residual distribution of transformed data against the predicted values.
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test whether the errors have first-order autocorrelation or 
not.
The test for of normality using the UNIVARIATE 
procedure of SAS (1985) also showed that residual terms were 
nearly normal in distribution. This procedure produced a 
test statistic for the null hypothesis that the input data 
values formed a random sample from a normal distribution. 
Because the sample size was less than 51, the Shapiro-Wilk 
statistic, W, was used as a criterion of normality. The W 
statistic is the ratio of the best estimator of the variance 
(based on the square of linear combination of the order 
statistics) to the usual corrected sum of squares estimator 
of the variance. W must be greater than zero and less than 
or equal to one, with high values of W leading to the 
acceptance of the null hypothesis. The Wilk's values of the 
developed models were greater than 0.95, and hence the 
probabilities not to reject the null hypothesis were also 
very high (0.96 in the general model).
The regression coefficients of the models were tested 
through the multicollinearity test of SAS. The variance 
inflations of the regression coefficients were less than 15 
in models 3.b and 3.c but not in model 3.a, and they were 
less than 8 in the generalized model 4. The condition 
numbers, which are statistics of collinearity diagnostics, 
of the regression coefficients were less than 15 in the 
dynamic moisture models and 6 in the generalized model 4.
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Consequently, the dynamic moisture models had stable 
regression coefficients and showed good prediction of rice 
moisture with the proper logarithm transformation.
Finally, the dynamic moisture models were validated by 
comparing the measured rice moisture contents with the 
values predicted by the model 3.b and the generalized model 
4 during drying at the drying condition of 45°C and 30% R.H. 
Both these models successfully predicted rice moisture 
during drying with an error of less than one percent 
moisture as shown in Figure 39.
4.2.2 Near Quasi-Static EMC Model
Rough rice in storage undergoes very little change in 
moisture content being in a quasi-static equilibrium with 
the ambient air used for aeration. A predictive moisture 
model for the stored rice can hence be called a near quasi­
static EMC model. Three static EMC models were used for the 
prediction of rice moisture content during storage using the 
data from the temperature and humidity sensors. These three 
were: 1) Modified Henderson's model, 2) Chung-Pfost's model, 
and 3) Sabbah's model. Among the three static models, the 
Modified Henderson's and Chung-Pfost's models were useful 
for stored rice with appropriate correction of parameters, 
but Sabbah's model was not as accurate as these two models 
in predicting rice moisture. The correction of the
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Figure 39. Comparison between the measured moisture and the moisture 
predicted by the dynamic moisture models at a certain 
drying condition of 45“C, 30% R.H. and air velocity of 
0.3 m^/s/mZ.
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parameters of the static EMC models was necessary because 
these models greatly overpredicted storage moisture and 
resulted in values of less than 0.5. Consequently, the 
parameters of these two non-linear models were corrected to 
predict the moisture more accurately using a non-linear 
regression technique. The modified near quasi-static EMC 
models are as follows:
Model 5. Remodified Henderson's Model:
1 - ERH = exp[-A(GT + C) * (lOOMe)®]
Model 5.a: at 23°C <GT< 30°C, Error Mean Square = 8.5x10”^ 
A = 9.5023x10"®, B = 2.5031, C = 110.0855 R^ = 0.91
Model 5.b: at 15°C <GT< 23°C, Error Mean Square = 9.7x10"^ 
A = 6.2734x10"^, B = 3.6016, C = 76.650 R^ = 0.94
Model 6. Modified Chung-Pfost's Model:
ERH = exp[-A'/(GT + C )  * exp(-B'* Me)]
Model 6.a: at 23°C <GT< 30°C, Error Mean Square = 5.5x10”^
A'= 778.2522, B'= 28.3009, C'= 0.8656, R^ = 0.94
Model 6.b: at 15®C <GT< 23®C, Error Mean Square = 9.2x10"®
A'= 2499.3225, B'= 37.7082, C'= -0.6043 R^ = 0.94
The modified Chung-Pfost's model (model 6) gave a 
better prediction than the remodified Henderson's model
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(model 5) of EMC for the moisture in storage of rice with an 
value of 0.94. The comparison between the predicted 
moisture values with the static and the modified EMC models 
(models 3 and 6) and the standard oven dried rice moisture 
during storage is shown in Figures 40a and 40b. As can be 
seen from these regression lines, the intercepts were not 
equal to zero nor the slopes equal to one as required for an 
ideal relationship between the indirect method using 
humidity sensors and the standard oven method. However, the 
modified EMC models, C (models 5.a and 5.b) and D (models 
6.a and 6.b), are closer to the ideal line, Y = X, than are 
the static EMC models, A and B. The modified Chung-Pfost's 
model with an intercept of nearly zero and a slope of nearly 
one is the most useful for the prediction of rice moisture 
during storage. The linear regression lines of the static 
and near quasi-static EMC models are as follows:
Line A : Modified Henderson's Model 
at 23°C<GT<30®C, Y = 1.12 X - 1.64 = 0.92
at 15°C<GT<23°C, Y = 1.53 X - 6.86 R^ = 0.94
Line B : Chung-Pfost's Model 
at 23®C<GT<30°C, Y = 1.37 X - 5.10 R^ = 0.94
at 15®C<GT<23°C, Y = 1.72 X - 9.62 R^ = 0.95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
Line C : Remodified Henderson's Models 5.a and 3.b 
at 23°C<GT<30°C, Y = 1.09 X - 1.36 = 0.94
at 15°C<GT<23°C, Y = 0.99 X - 0.06 R^ = 0.94
Line D : Modified Chung-Pfost's Models 6.a and 6.b 
at 23°C<GT<30°C, Y = 1.05 X - 0.68 R^ = 0.94
at 13°C<GT<23°C, Y = 1.02 X - 0.36 R^ = 0.93
where, Y: predicted moisture (%, w.b.),
X: measured moisture (%, w.b.)
Note: grain temperature (GT) was assumed to be equal to be 
the local air temperature (AT) surrounding the grain in the 
near quasi-static EMC models.
From these regression analyses, the slopes and intercepts 
of the modified models were found to be significantly lower 
than those of the static models, which shows the improvement 
of the near EMC models 3 and 6 as shown in Figures 40a and 
40b. The slope and intercept values of lines A and B are 
more important than the R^ values of the lines because the 
R^ values are only the coefficients of determination of the 
lines which indicate goodness of fit.
Finally, the indirect method using temperature and 
humidity sensors can be used with improved accuracy in 
continuously determining rice moisture content during 
storage with the revised models.
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Figure 40g. The comparison between the moisture predicted by 
static EMC and near EMC models and the oven dried 
moisture of rough rice during storage at air 
temperature of 23°C to 30“C.
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Figure 40b, The comparison between the moisture predicted by 
static EMC and near EMC models and the oven dried 
moisture of rough rice during storage at air 
temperature of 15“C to 23“C.
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4.3 Static Pressure Drop Model of Rough Rice
The data for static pressure drop of air through rough 
rice obtained at different rice moistures, air temperatures 
and airflow rates are presented in Appendix C. The effects 
of air velocity and rice moisture content on the static 
pressure drop of air through rough rice with 0.9% foreign 
materials at 25°C air temperature (Figure 41) and at 38°C 
air temperature (Figure 42) were analyzed. As the airflow 
rate increased, the pressure drop of air through rough rice 
increased. The effect of air temperature on the resistance 
of rough rice to airflow was not significant at the 5% level 
in t-tests though the static pressure drops at air 
temperature of 38°C showed slightly higher values than those 
at an air temperature of 25®C, Figure 43.
The effect of rice moisture on the pressure drop of air 
through rough rice was significant at the 5% level in the 
ANOVA (Appendix C). The resistance of rough rice to airflow 
at the low rice moisture content was higher than that at 
high rice moisture content because the void among rice 
kernels and the sphericity of rough rice decreased as rough 
rice was dried. However, the effect of rice moisture on the 
pressure drop at low airflow rates was less than that at 
high airflow rates. Figure 43.
The effect of rice moisture content on the resistance 
of rough rice was similar to that of corn as reported by
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Figure 41. The effects of air velocity and rice moisture content on the 
pressure drop of air through rough rice with 0.9% foreign 
materials at 25®C air temperature.
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Figure 43. The effects of air velocity, rice moisture content, and air temperature 
on the pressure drop of air through rough rice with 0.9% foreign 
materials.
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Shedd (1933) and Haque et al. (1982). Shedd (1953) found 
that corn with 20% or more moisture had less resistance to a 
given airflow rate than the same corn after it had been 
dried, while Patterson (1969) and Matties (1956) reported 
that the pressure drop through corn increased with an 
increase in moisture content.
The pressure drop values of air through rough rice were 
similar to Shedd's values at the airflow rate of more than 
0.05 m^/s/m^, but they were greater than Shedd's values at 
low airflow rates of less than 0.05 m^/s/m^. The reason was 
that the pressure drop obtained in this study included a 
pressure drop caused by the difference in air velocities at 
the two locations. The effect of the pressure drop due to a 
change of airflow rate was more significant at low airflow
The pressure drop could be expressed as a function of 
airflow rate at each moisture level of rough rice. The 
relationship between the common logarithm of pressure drop 
and common logarithm of airflow rate is shown in Figure 44. 
The pressure drop at each moisture level of rough rice could 
be accurately predicted with the following model:
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Effect of airflow, rice moisture, and inlet air temperature on the static 
pressure drop for rough rice with foreign materials of 0.9% in a scaled bin.
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Model 7. log(P) = a * log(Q) + b * {log(Q)}^ + c
where, P : pressure drop (Pa/m), Q : airflow rate (m^/s/m^) 
a, b, c : regression coefficients 
a = 1.7549, standard error = 0.043
b = 0.4333, standard error = 0.018
c = 3.9915 - 0.0098 * M, = 0.8
M: rice moisture content, %, wet basis.
The regression coefficients and of the model 7 for each
test run are presented in Table 2.
Table 2. Regression coefficients and R^ of the pressure 
drop model 7 of rough rice.
M.C.* Air Temp,. a b r 2
27.0% 25°C 1.683 0.408 3.686 0.996
27.0 38 1.783 0.442 3.766 0.999
22.0 38 1.788 0.443 3.794 0.997
15.2 25 1.789 0.447 3.820 0.999
15.2 38 1.768 0.448 3.810 0.998
12.8 25 1.769 0.438 3.894 0.998
12.8 38 1.704 0.407 3.878 0.998
*: wet basis
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A generalized pressure drop model to predict the 
resistance of rough rice to airflow at various rice moisture 
levels was developed as follows:
Model 8:
P = 2843.585 Q + 4876.595 - 60.965 M * Q + 87.317,
at 0.011 < Q < 0.220 and 12.8 < M < 27.0, = 0.978
where, P : pressure drop (Pa/m), Q : airflow rate (m^/s/m^)
M : rice moisture content (%, w.b.)
This static pressure drop model developed by a stepwise 
method of regression analysis had the same independent 
variables as that of Haque (1982) for wheat, sorghum, and 
corn. The generalized pressure drop model could be used for 
predicting the resistance of rough rice to airflow at 
various rice moistures and airflow rates.
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4.4 Respiration Model of Rough Rice
4.4.1 The Effects of Rice Moisture and Air Temperature
The effects of rice moisture and air temperature on the 
carbon dioxide produced due to the respiration of rough rice 
stored at high moistures of 20%, 21%, and 22% (w.b.) are 
shown in Figure 45. The rough rice stored at high moisture 
content produced much more carbon dioxide than the rice at 
low moisture at a fixed air temperature of 20°C during same 
storage period. The effect due to a difference of 1% (w.b.) 
rice moisture on respiration rate was statistically very 
significant at the 1% level in t-tests. The effect of air 
temperature at a fixed rice moisture of 21% (w.b.) was also 
highly significant, but the effect decreased after an 
initial increase during storage because the stored rice was 
being dried at high temperature of 34°C. The dry matter 
loss due to respiration of rough rice at the high moistures 
is shown in Figure 46. The trend of the dry matter loss was 
similar to that of carbon dioxide produced during rice 
storage.
The effect of air temperature on carbon dioxide 
produced at a low rice moisture level of 13.8% (w.b.) is 
shown in Figure 47. Higher amount of carbon dioxide was 
produced with higher air temperature during rice storage. 
However, the effect of air temperature decreased as the
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RESPIRATION OF ROUGH RICE
STORAOE PERIOD, dqym
Figure 45. Carbon dioxide produced due to respiration of rough rice 
at high moisture content.
DRY MATTER LOSS OF ROUGH RICE
Murata's data 
■  : 22%-20°G
▲  : 20%-20°C
Figure 46. Dry matter loss due to respiration of rough rice at high 
moisture content.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
129
storage time increased because the rice stored at high air 
temperature dried further to lower moisture.
The effect of rice moisture on the carbon dioxide 
produced due to respiration at 27°C air temperature is shown 
in Figure 48. The effect of rice moisture in the range of 
13.8% to 22.3%, w.b. was very significant at the 1% level, 
and the carbon dioxide increased with the storage period. 
Though the carbon dioxide increased proportionally with time 
initially during storage, its rate of increase decreased 
slightly as the storage time increased. Figure 49 shows the 
effect of rice moisture on the dry matter loss of rough rice 
at different rice moistures and a fixed air temperature of 
27°C. The dry matter loss of rough rice at 22.3% moisture 
reached the allowable upper limit of 0.5% in a storage 
period of about 11 days.
The effects of rice moisture and air temperature on the 
respiration of rough rice stored at low moisture during 24 
days are shown in Figures 30 and 51. The rice stored at 34°C 
and 12.5% moisture produced less carbon dioxide than the 
rice at 20°C air temperature and 12.5% moisture, which was 
contrary to the effect of air temperature at 13.8% moisture 
shown in Figure 47. The probable reason was that the 
moisture of the stored rice was too low to begin with and it 
further decreased due to the high air temperature.
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Figure 47. The effect of temperature on the carbon dioxide produced due to 
respiration of rough rice at 13.8% moisture content.
RESPIRATION OF ROUGH RICE
I?
STORAGE PSdOD. dqym
Figure 48 . The effect of rice moisture on the carbon dioxide produced due 
to respiration of rough rice at 27°C air temperature.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
RESPIRATION OF ROUGH RICE
AT 27*C AIR TEMPERATURE
Figure 48 . The effect of rice moisture on the carbon dioxide produced 
due to respiration of rough rice at 27°C air temperature.




Figure 49. The effect of rice moisture on dry matter loss of rough rice 
at 27®C air temperature.
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RESPIRATION OF ROUGH RICE
Figure 50. Carbon dioxide produced due to respiration of rough rice 
at low moisture content.
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Figure 51. Dry matter loss due to respiration of rough rice at low 
moisture content.
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4.4.2 Respiration Model
Â respiration model for rough rice was developed based 
on the seventy six sample data collected on the carbon 
dioxide (mg per 100 grams of dry matter) produced due to the 
respiration of rough rice at different rice moistures and 
air temperature. The carbon dioxide could be expressed as a 
function of rice moisture, air temperature, and storage 
time. The common logarithm of carbon dioxide as a dependent 
variable of the respiration model had a linear relationship 
with each of variables of rice moisture, air temperature, 
and storage time in the scatter plots. The respiration model 
of rough rice was determined by regression analysis of 
SÂS/STÂT (1985). The model and analysis of variance are as 
follows:
Model 9: Respiration model of rough rice
Log(C02) = a*MC + b*TEMP + c*Log(TIME) + d, R^ = 0.963
where, CO2: carbon dioxide, mg/lOOg of dry matter 
MC: rice moisture content, %, w.b.
TEMP: air temperature, °C 
TIME: storage time, days 
a = 0.1978, b = 0.0174, c = 0.7884, d = -2.8760
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Table 3. Analysis of Variance of model 9.
Source DF SS MS
Model 3 30.92 10.31
Error 72 1.19 0.02
C Total 75 32.11
The respiration model with of 0.963 predicted well the 
carbon dioxide produced during rice storage at different 
rice moistures and air temperatures. In the t-tests on the 
parameter estimates (Appendix D), the parameter of rice 
moisture was more significant than that of air temperature.
The regression coefficients of the model were tested by 
the multicollinearity test of SAS. The variance inflations 
of the regression coefficients were less than 1.2, and the 
Eigen condition numbers of the regression coefficients were 
less than 19 in the respiration model. Hence, the model had 
very stable and consistent regression coefficients.
As a result of residual analysis for the transformed 
data, the residual variance was constant, and the residuals 
existed along the zero line (Appendix D). The test of 
normality using the UNIVARIATE procedure of SAS also showed 
that the residual terms had a nearly normal distribution
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(Appendix D). The Shapiro-Wilk statistic, W, as a criterion 
of normality was greater than 0.992, and its probability not 
to reject the null hypothesis was also very high, of 0.987.
4.4.3 Comparison with Published Models
The data on dry matter loss of rough rice obtained 
from the respiration experiment were compared with those 
from published results of Murata et al. (1976), Seib et al. 
(1980), and Teter (1981).
Murata et al. (1976) determined dry matter loss using a 
respiration model to evaluate the respiration heat as a 
function of moisture content and temperature. Murata's data 
on the dry matter loss showed higher values than in this 
experiment at a certain storage condition as shown in 
Figures 46 and 49. Murata's model overpredicted the dry 
matter loss because his model was developed based on the 
respiration heat which is mainly produced due to the 
respiration of storage fungi. Also, he did not consider the 
effect of storage time on the dry matter loss because the 
increasing rate of the carbon dioxide produced due to 
respiration of rough rice decreased with storage time.
Seib et al. (1980) developed a respiration model as a 
function of rice moisture, air temperature, and storage time 
based on the amount of carbon dioxide produced during 
storage. Their model over predicted the dry matter loss by
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over twice as that by Murata's model at 20°C temperature and 
22% (w.b.) rice moisture. Seib's model could not be used at 
low rice moistures of less than 15% (w.b.) because it was 
developed in the moisture range of 13 to 23% (w.b.).
Teter's model was developed based on the carbon dioxide 
produced during rice storage in tropical climates without 
considering the effects of air temperature and storage time. 
Data from this experiment on the dry matter loss showed 
similar trend to Teter's data at a low moisture of 13.8% and 
27°C temperature. Figure 49. However, it was not useful to 
compare the data with Teter's model as the effects of air 
temperature and storage time are not included in Teter's 
respiration model in the limited moisture range of 10 to 17% 
(w.b.).
In conclusion, the developed respiration model of rough 
rice was a dynamic model (time factor included) to predict 
the carbon dioxide produced and hence the dry matter loss 
during storage, and considered the effects of rice moisture 
and air temperature. This could be used to predict the safe 
storage life at a certain moisture and temperature before 
exceeding the allowable dry matter loss of 0.5%.
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4.5 Simulation of a Gas Modulating Control Syston 
with Air Recirculation for In-Bin Rice Drying
4.5.1 Effects of Gas Control and Air Recirculation
The in-bin drying system with a conventional burner 
consumed gas and electricity at the rates of 3.396 and 
0.288 MJ/kg of water removed, respectively, during drying; 
whereas the system with a gas modulating burner consumed gas 
of 2.589 MJ/kg of water removed and electricity of 0.230 
MJ/kg of water removed in the simulation of rice drying 
system based on the August weather data in southwest 
Louisiana, as presented in Table E.l. The gas energy 
consumption values obtained in this simulation were very 
similar to the actual data of Verma and Jacobsen (1987), 
which were 3.34 MJ/kg of water removed in the conventional 
system and 2.496 MJ/kg of water removed in the gas 
modulating control system, respectively. About 82 percent of 
total energy in the control system was used in heating the 
ambient air to 38°C. A savings of approximately 25 percent 
of the total energy required in drying was achieved in the 
simulation as compared with 32% for actual data.
The approximate drying time in the conventional system 
estimated by using the mean water removal rate was 141.8 
hours; whereas the simulated drying time in the modulating 
control system estimated from the varying water removal rate
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for each time step was 112 hours. The actual drying time 
(Verma and Jacobsen, 1987) in the control system varied 
between 110 hours and 130 hours.
The amount of gas required during each time step 
varied according to a sinusoidal function of ambient air 
temperature as shown in Figures 52 to 55. The amount of gas 
decreased during the day time and increased during night 
time as expected. The effect of rainfall was accounted for 
in the ambient relative humidity. The electrical energy to 
power the fan was used in proportion to the total drying
The gas modulating control system with air 
recirculation of 10 percent and without dehumidification, 
used gas and electric energy at the rates of 2.905 MJ/kg and 
0.250 MJ/kg of water removed, respectively (Table E.2). The 
energy savings in the gas modulating control system thus 
decreased from 25 percent to 15 percent, and the drying time 
increased from 112 hours to 122 hours. In the control system 
with air recirculation of 20 percent and 30 percent, the 
energy consumption of gas also increased to 3.358 and 3.885 
MJ/kg of water removed, respectively, and their energy 
savings were changed to 1.14 percent and -15.54 percent, 
respectively, compared to the conventional system (Tables 
E.3 and E.4).
The effect of air recirculation to conserve drying energy 
was adverse because the water removal rate decreased
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Figure 52. Plot of accumulated energy consumption in electricty and gas 
and of gas amount consumed during each time step in the gas 
control system without air recirculation in August.
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Figure 53. Plot o£ energy consumption in electricity and gas in the 
gas control system without air recirculation in December.
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Figure 54. Plot of energy consumption in the control system with 
dehumidified air recirculation of 50% in December.
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Figure 55. Plot of energy consumption in the control system with 
dehumidified air recirculation of 80% in December.
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due to the high humidity of the recirculated air. 
Consequently, the recirculated air always required 
dehumidification to conserve the energy of exhaust air. 
However, as the ambient air temperature in August was 
relatively high compared to other months in southwest 
Louisiana, air recirculation with dehumidification was not 
required.
The conventional and controlled systems required more 
than twice the drying energy in December than in August. The 
energy consumption rates of the conventional and control 
systems without air recirculation were 8.276, 7.631 MJ/kg of 
water removed in gas and 0.266 and 0.253 MJ/kg of water 
removed in electricity (Table E.5), respectively. The energy 
saving was only 7.72% compared with the total energy of the 
control system without air recirculation. The effect of the 
gas modulating control on the energy saving significantly 
decreased in December as compared with that of the gas 
control in August. The control system with 10% air 
recirculation and without dehumidification in December also 
showed similar trends in energy requirement to that of the 
control system in August. Air recirculation without 
dehumidification required more energy, as it extended the 
rice drying time, and the energy saving of the gas 
modulating control system was -6.75% with the drying time 
being extended by 22 hours (Table E.6).
The control system with dehumidified air recirculation
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required less energy than the conventional system as the air 
recirculation ratio increased (Tables E.7 to E.14). The gas 
modulating control system with 10% air recirculation and 
dehumidification saved 12.9% of the energy and extended the 
drying time by two hours. As the ratio of dehumidified air 
recirculation to the total mixed air by volume increased 
from 10% to 80% in steps of 10%; the energy consumption rate 
in gas decreased significantly as shown in Figure 56. Hence, 
the energy savings in rice drying for one batch increased by 
12.9%, 18.6%, 23.8, 31.8, 38.9, 44.7, 50.9, and 57.3%, 
respectively. Furthermore, the amount of gas required during 
each time step gradually decreased with drying time, forming 
a sinusoidal curve as can be seen in Figures 54 and 55. This 
trend was more obvious at a higher ratio of dehumidified air 
recirculation.
Consequently, the gas modulating control system with 
dehumidified air recirculation could save a significant 
amount of drying energy compared with the conventional 
system when no energy consumption of the dehumidifier was 
assumed. However, if an electrical dehumidifier was used for 
recirculated air instead of the dehumidifier using solar 
energy, the optimum ratio of dehumidified air recirculation 
would be determined based on the energy consumption of the 
dehumidifier. The energy consumption rate of an electrical 
dehumidifier might be expressed as a function of the ratio 
of air recirculation ratio and the drying time.
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Energy consinption rate and drying cost in the gas modulating control system 
with dehumidified air recirculation.
4.5.2 Drying Cost
A. Cost of In-Bin Rice Drying in August
In drying a ton of rough rice from 22% (w.b.) to 13.3% 
(w.b.), 98.3 kg of water must be removed. At an energy 
consumption rate of 3.67 MJ/kg (3.58 MJ/kg) of water 
removed in the drying system with a conventional burner, it 
will take 360.76 MJ (351.91 MJ) of energy; whereas at 2.82 
MJ/kg (2.86 MJ/kg) of water removed in the gas control 
system without air recirculation, it will take 277.21 MJ 
(281.14 MJ), where the figures in parentheses indicate the 
average data from actual drying tests of Verma and Jacobsen, 
(1987).
As 91% (90%) of the total energy is from gas and 9% 
(10%) from electricity as a result of this simulation, each 
ton will require 7.30 kg (7.12 kg) of gas and 9.02 KWh (8.80 
KWh) of electricity in the conventional system, and 5.61 kg 
(5.69 kg) of gas and 7.70 KWh (7.81 KWh) of electricity in 
the gas modulating control system without air recirculation.
Considering gas at $0.27/kg and electricity at 8 cents 
per KWh, the cost of gas is $1.97 ($1.92) and electricity 
is $0.72 ($0.70) in the conventional system, whereas in the 
gas control system the cost of gas is $1.51 ($1.54) and 
electricity is $0.62 ($0.63). Therefore, the total cost per 
ton of wet rice is $2.69 ($2.62) in the conventional system
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and $2.13 ($2.17) in the gas control system without air 
recirculation. The control system with air recirculation and 
without dehumidification didn't reduce the drying cost 
because of its increase in total drying time.
B. Cost of In-Bin Rice Drying in December
The cost of electricity in drying a ton of rough rice 
in December is similar to that in August, but the cost of 
gas for December increases by more than double as compared 
with that for August. The costs of gas and electricity per 
ton of wet rice are $4.45 and $0.67, respectively, with a 
total cost of $5.12, for the conventional system; whereas 
gas and electricity costs in the control system without air 
recirculation are $4.10 and $0.63, respectively, with a 
total cost of $4.73.
The gas modulating control system with air 
recirculation and dehumidification could significantly 
reduce the drying cost if the cost of the humidifier is 
ignored. In the control system with dehumidified air 
recirculation of 10% to 80% in 10% increments, the total 
costs per ton of wet rice are $4.50, $4.25, $3.91, $3.64, 
$3.32, $3.06, $2.79, and $2.51, respectively. Hence, rice 
drying with a gas modulating control system in December 
would require dehumidification of recirculated air to save 
drying energy.
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4.6 PC-Based Automatic Aeration of Rough Rice
4.6.1 Control Criteria of Rice Aeration
The control criteria of rice aeration were determined 
on the basis of the data obtained from the continuous 
monitoring system for stored rice (Figures 57 to 64 and 
Appendix F) and recommendations from literature review. 
These are as follows:
A) Temperature
Insect activity is greatly inhibited at temperatures 
below 15.5°C, but it is impossible to maintain such a 
temperature in an in-bin rice storage system without an air 
conditioning unit. Hence, dried rice should be aerated for 
at least an hour at a time periodically in order to slow 
down the activities of insects and storage-fungi when 
ambient air temperature is at least 6®C below rice 
temperature. A portion of the rough rice stored in the model 
bin was heated by the solar radiation during the day time, 
and the temperature gradient due to this radiation was less 
than 5 to 6 °C (Figures in Appendix F). However, a 
temperature gradient of more than 6°C was estimated due to 
deterioration caused by the respiration of rough rice and 
storage-fungi.
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B) Relative Humidity
The relative humidity of the air surrounding the grain 
is one of the most important factors which affects grain 
quality. The moisture content of stored rough rice was 
mainly influenced by the relative humidity of the air as 
shown in Figures 57 to 66. It was found that stored rice 
reaching near-equilibrium with a relative humidity of 75% at 
a temperature in the range of 15°C to 23®C had a moisture 
content of about 14% (w.b.) Hence, if the relative humidity 
of the air surrounding rough rice is more than 75%, aeration 
is recommended to maintain the rice moisture below 14% 
(w.b.).
Pym et al. (1985) recommended aeration when equilibrium 
relative humidity of rough rice is greater than relative 
humidity of air plus 5%. However, this was meaningless in a 
bin system because the relative humidity of the air 
surrounding the grain was usually greater than that of 
ambient air as shown in Figures 57, 59, 61, 63b, and 65. If 
the aeration occurred when the relative humidity of ambient 
air was high, a zone of high-moisture rice would develop at 
the location where air first contacts rice, Schroder and 
Calderwood (1972). Thus, a dehumidifier and a fan should be 
operated at the same time when the aeration is required at 
relative humidity of more than 90%. The operation of the fan 
and the dehumidifier is required until the next measurement 
with the predetermined time interval. Though the time
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Figure 57. Relative humidities of ambient air and local air surrounding 
rough rice.
RICE MOISTURE PREDICTED BY EMC MODELS
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Figure 58. Rice moisture predicted by Chung-Pfost’s model and modified 
Chung-Pfost’s model 6b at the two locations.
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Figure 59. The change of relative humidities of ambient air and local air 
surrounding rough rice.
RICE MOISTURE PREDICTED BY EMC MODELS
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Figure 60. Rice moisture predicted by Chung-Pfosts model and modified 
Chung-Pfostfsmodel 6b at the two locations.
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Figure 61. The change of relative humidities of ambient air and local air 
surrounding rough rice in a model bin.
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Fig u re  62a Rice m oisture p re d ic te d  by Chung-Pfost’s model and m odified  
Chung-Pfost’s model 6b a t  the two lo c a tio n s  in  a model b in .
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Figure 63a. Deterioration index of air under no aeration on February 21, 22, 
and 23.
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Figure 63b.The change of relative humidities of ambient air and local air 
surrounding rough rice in a model bin.
RICE MOISTURE PREDICTED BY EMC MODELS
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Figure 64. Rice moisture predicted by re-modified Henderson's model 5b and 
modified Chung-Pfostfe model 6b at the two locations.
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Figure 65. The change of relative humidities of ambient air and local air
surrounding rough rice in a model bin during continuous aeration.
RICE MOISTURE PREDICTED BY EMC MODELS
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Figure 66. Rice moisture predicted by re-modified Henderson'* model 5b and 
modified Chung-Pfost's model 6b during continuous aeration.
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interval of aeration depends on the size of a storage-bin, a 
time interval of at least 3 hours is recommended as a result 
of an automatic aeration system using a model bin in this 
study.
C) Moisture Content
Moisture content is the most critical factor in the 
rate of deterioration of stored rice. The moisture content 
should be maintained below 14% (w.b.) for safe storage. This 
is based on the dry matter loss due to respiration of rough 
rice presented in the previous section. Aeration is 
recommended according to U.S. Standards for Rough Rice 
(1968) when rice moisture is more than 14% (w.b.). If rice 
moisture exceeds 16%, the operation of a heater is required 
together with the fan. The rice moisture could be determined 
by near quasi-static equilibrium moisture content (Near EMC) 
models of rough rice developed in the previous section as 
are shown in Figures 58, 60, 62a, and 64. In these figures 
Chung-Pfost's static EMC model (CP), overpredicted the 
moisture content of the stored rough rice at the two 
locations of L.IO and L.ll, while the near quasi-static EMC 
models, modified Chung-Pfost's model 6.b (MCP) and 
remodified Henderson's model 5.b (RMH), predicted well the 
moisture content of rough rice stored in a model bin in 
winter with R^ of 0.94. However, the modified Chung-Pfost's 
model 6.b predicted more accurately and consistently than
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the remodified Henderson's model 5.b based on the actual 
data of rice moisture. In addition, if a high moisture 
gradient of rice in a storage-bin is detected, the 
operation of a stirrer with a fan is recommended.
D) Dry Matter Loss
A respiration model of rough rice developed in the 
previous section could be used to determine dry matter loss 
of the stored rough rice. Aeration is recommended when dry 
matter loss of the stored rice exceeds 0.5% (TJSDA, 1968). 
However, this criterion was not necessary in an automatic 
aeration system of rough rice because dry matter loss of 
rough rice stored under such a control system could be 
maintained below 0.5%.
E) Deterioration Index
The suitability of the air for aeration could be 
assessed by analyzing the deterioration index (DI) of air. 
Teter (1981) and Fym et al. (1985) recommended aeration 
when the deterioration index of air is more than 5. However, 
the critical value of DI should be reduced from 5 to 4.5 as 
one of the control criteria of aeration in a bin system 
because the rice moisture contents were found to be more 
than 15% (w.b.) when the DI of the air was about 5 as shown 
in Figures 60, 62a, 62b, 63a, 64, and 75. The changes in the 
deterioration indices were very similar to those of the rice
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moisture. The control of the temperature and relative 
humidity of the aeration air was adequate in maintaining the 
DI below 4.5. Hence, the control based on the DI was also 
not necessary in the model bin system.
4.6.2 Automatic Aeration System
The results of an example of continuous aeration 
without automatic control of the aeration process are shown 
in Figures 65 and 66. Figure 65 shows the change in relative 
humidities of ambient air and air surrounding the rough rice 
in the model bin during continuous aeration. The relative 
humidity of the air surrounding the rough rice decreased 
gradually, being influenced by the relative humidity of 
ambient air. The moisture content of rough rice also 
decreased slowly in a trend similar to the relative humidity 
of air surrounding the rice. However, rough rice in the 
model bin became overdried due to continuous aeration 
without automatic control. Hence, a PC-based automatic 
aeration system of rough rice was developed to maintain 
grain quality based on the control criteria determined in 
the previous section.
The flowcharts in Figures 67a and 67b show a control 
logic for automatic aeration of rough rice. The results of 
an example of automatic aeration using such a control logic 
are shown in Figures 68 to 74. Figures 68, 69, and 70 show
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Figure 6 7^ . Flowchart of the control subprogram for automatic aeration 
of rough rice.
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) Stop Operation of Aeration Equipment
Read Inputs & Calculate MG, DHL, DI
Rice MC >  16%, wb Heater Operation
Fan Operation
16% > M C >  14%
D M L >  0.5%
D l >  4.5
o A-AT, A-RH; ambient air temperature and relative humidity
o LAT, LRH: temperature and rel. humidity of air surrounding rice
o GT, MC: temperature and moisture content of rough rice
o DML: dry matter loss, DI: deterioration index, 
o * : not necessary as control criteria.
Figure 67b- Flowchart of the control subprogram for automatic aeration 
of rough rice.
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RICE TEMPERATURE UNDER AUTO-CONTROL
i
 ^ GT at Loo^
Figure 68. The change of rice temperature in a model bin under automatic 
control of aeration.
RICE TEMPERATURE UNDER AUTO-OONTROL
on Fabruoty 28.
Figure 69. The change of rice temperature at the top layer in a model 
bin under automatic control of aeration.
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Figure 70. The change of rice temperature at the middle layer in a model 
bin under automatic control of aeration.
AIR TEMPERATURE UNDER AUTO-CONTROL
a AT ot Loo.10 *  AmbtontT.
Figure 71. The change of air temperature under automatic control of 
aeration.
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the changes in rice temperature at the three different 
locations in the model bin. The rice temperatures at 
locations 4 and 7 as shown in Figures 69 and 70 were higher 
than those at other locations due to the solar radiation 
during the day time. However, the gradient of rice 
temperature at the same storage time was less than 5°c, 
which was a result of aeration with the automatic operation 
based on the control criteria. The temperatures of the air 
surrounding the rough rice at locations 10 and 11 showed a 
trend similar to the rice temperatures. Figure 71.
The changes in air relative humidities at certain 
locations under automatic control of aeration are shown in 
Figure 72. The relative humidity of the air was less than 
75% except in the beginning of aeration because the 75% 
relative humidity was one of the control criteria. Rice 
moistures predicted by remodified Henderson's model 5.b and 
modified Chung-Pfost's model 6.b under automatic control of 
aeration were consistently less than 14% (w.b.) except in 
the beginning.
The deterioration indices of the rough rice stored 
under automatic control decreased from the initial values of 
4.5 and 5.2 to the values below 4.5 as shown in Figure 74, 
while the DI of rough rice stored under no aeration control 
fluctuated between 3.5 and 7.0 (Figure 75). The change in 
DI under automatic control corresponded to the rough rice 
moisture contents under the automatic control mode (Figures
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73 and 74).
In conclusion, the developed aeration system based on 
the control logic, maintained rice quality by controlling 
the aeration equipment automatically.
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REUAvTIVE HUMIDITY UNDER AUTO-CONTROL
on Fabfuory 28.
Figure 72. The change of air relative humidity under automatic control of 
aeration.
RICE MOISTURE PREDICTED UNDER CONTROL
Figure 73. Rice moisture predicted by re^modified Henderson's model 5b and 
modified Chung-Pfostfs model 6b under automatic control of 
aeration.
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Figure 74. The change of deterioration index of air under automatic 
control of aeration.
DETERIORATION INDEX UNDER NO AERATION
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Figure 75. The change of deterioration index of air under no aeration.
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4.7 Economic Benefits
Rice production in the United States has increased for 
the third year in a row. Harvested acreage has decreased 
each of the last years (overall from 2.8 million acres in 
1984 to 2.32 million acres in 1987). Most of the reduction 
in acreage has been due to high levels of participation in 
the U.S.D.Â. rice program (Johnson and Linscombe, 1988). 
Even if the total acreage decreases, the net output per acre 
can be increased with the use of improved postharvest 
technology operations such as a continuous monitoring system 
for grain conditions and an automatic aeration system for 
safe storage.
The continuous monitoring system based on the rice 
moisture models and the respiration model using the 
electrical sensors can predict rice moisture and overall 
rice condition during drying and storage of rough rice in 
bins without physically withdrawing samples. This system 
can reduce not only the grain loss in quantity but also the 
loss in, quality by prevention of harmful conditions causing 
quality loss.
The improved pressure drop model determines the 
optimum airflow rate required during drying and aeration of 
rough rice. This should ensure adequate airflow for optimum 
aeration to remove heat and moisture at minimum cost of 
operation. The electricity used for these processes can be
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reduced by about 10% through the selection of the proper 
size fan. This can save upto 0.4 million dollars in the U.S. 
every year. Moreover, the monitoring system using the 
moisture sensor model, the dynamic and quasi-static EMC 
models, the pressure drop model, and respiration model of 
rough rice, can reduce grain losses and maintain high grain 
quality during drying and storage, and save gas and electric 
energy in rough rice processing.
U.S. production of rice in 1987 was 3,756,700 metric 
tons (126.8 million cwt.), Johnson and Linscombe, 1988. The 
grain loss during postharvest operations of rough rice has 
been estimated as 5% to 20% of the gross harvest yield. 
Consequently, if the postharvest loses can be reduced by 
even 3% of the total production, an additional 172,320 
metric tons (3.8 million cwt.) of rough rice can be 
available. The developed monitoring and automatic aeration 
systems can aid in this loss reduction and result in 
additional revenue of 26.6 million dollars per year (based 
on $7 per cwt.) in U.S.
Louisiana rice production was estimated at 874,341 
metric tons (19,238,613 cwt.) on 423,133 acres in 1987. The 
average per acre yield was 2,033.4 kg (4,330 lbs), Johnson 
and Linscombe, 1988. Louisiana produces 13% (1987) of the 
U.S. rice crop, and a third of the rice farmers in the state
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use in-bin rice drying. This drying accounts for 7.7% of the 
total energy required for rice production in Louisiana 
(Rutger and Grant, 1979). Presently, natural gas worth more 
than 2 million dollars is used for on-farm, in-bin rice 
drying. A gas modulating control system instead of a 
conventional burner system can be used for the on-farm in­
bin rice drying. This can reduce by about 25% (worth 0.5 
million dollars) of the gas energy used in on-farm rice 
drying every year in Louisiana (Verma and Jacobsen, 1987). 
The gas modulating control system can also be used in other 
rice producing states with in-bin drying systems. 
Consequently, with about a third of the total rice yield in 
U.S. being dried on the farms, the gas modulating system can 
potentially save 15.7 million m^ of natural gas worth 3.3 
million dollars in the U.S. every year.
Finally, if the above systems for optimum drying and 
storage of rough rice are applied to the existing on-farm 
drying bins and storage of all the rough rice in the U.S., 
the total economic benefits could be more than 30 million 
dollars annually to the rice industry in the U.S.
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SUMMARY AND CONCLUSIONS
5.1 Summary
The purposes of this study were: (1) to evaluate
resistance-type moisture sensors and temperature and 
humidity sensors for continuous determination of grain 
conditions and to develop predictive models of rice 
moisture during drying and storage, (2) to develop new 
models for predicting static pressure drop of air through 
rough rice and for determining dry matter loss during rice 
storage, (3) to analyze a gas modulating control system
with/without air recirculation for in-bin rice drying and to 
estimate the energy and drying-cost savings of the control 
system compared to a conventional system, (4) to determine 
the control criteria and to develop and evaluate an
automatic aeration system using a personal computer based on 
some control criteria and the developed models for safe
storage of rough rice.
A new technique using the resistance-type moisture 
sensors was developed for continuous measurement of rice
moisture content during drying. The effects of grain 
pressure, sensor orientation, moisture content, and
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temperature on the moisture sensor were investigated. The 
effectiveness of moisture sensors was evaluated by comparing 
the moisture content determined from the sensors with those 
from the standard oven drying method. The sensor voltage 
could be expressed as a function of moisture, grain 
temperature, and their interaction.
Temperature and humidity sensors were used for 
continuous measurement of rice moisture content during 
drying and storage. A dynamic moisture model was developed 
for the prediction of rice moisture during drying using the 
voltage output from the sensors. Also, a near quasi-static 
equilibrium moisture model was developed to predict the 
moisture content of stored rough rice based on the static 
EMC models. The moisture models developed in this paper were 
very useful in the continuous measurement of rice moisture 
during drying and storage.
The effects of rice moisture and air temperature on the 
pressure drop of air through rough rice (long grain) were 
analyzed at different air velocities from 0.011 to 0.220 
m^/s/m^. The pressure drop of air was measured using a 
digital differential pressure transducer. A pressure drop 
model of rough rice was developed to predict the static 
pressure drop and to determine a fan required for drying or 
aeration.
The effects of rice moisture and air temperature on the 
carbon dioxide produced due to respiration of rough rice
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were analyzed to develop a respiration model of rough rice. 
The respiration model was necessary to precisely determine 
the dry matter loss of stored rough rice. The carbon dioxide 
produced during rice storage was measured by a sample test 
kit with detector tubes of three types. The experimental 
tests for developing the respiration model were conducted at 
different rice moisture and air temperature levels. The 
carbon dioxide produced was expressed as a function of rice 
moisture, air temperature, and time in the respiration
A computer simulation was conducted for investigating 
the effect of a gas modulating control system with air 
recirculation. It predicted the fuel amount required during 
each drying time period and the total fuel saved in a gas 
modulating control system for in-bin rice drying. Also, it 
was useful to analyze the effect of air recirculation ratio 
with/without dehumidification on fuel consumption and drying 
rate in an in-bin rice drying system with a modulating gas 
control. A simulation model using SLAM Il/PC was developed 
to analyze such a drying system.
The control criteria for automatic aeration of rough 
rice were determined at different storage conditions using 
the developed continuous monitoring system. Temperature and 
relative humidity of air, rice moisture content, 
deterioration index, and dry matter loss were considered as 
the factors affecting the behavior of stored rice. The
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control criteria were determined with the continuously 
recorded data of air and grain conditions. Their levels for 
safe storage of rice were also recommended. Then, an 
automatic aeration system with on/off control was developed 
and evaluated for rough rice stored in a model bin.
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5.2 Conclusions
The conclusions of each objective are as follows:
5.2.1 Rice Moisture Model using Resistance-Type Moisture 
Sensor
1. There were no significant effects of grain pressure 
and sensor orientation on the moisture sensor voltages for 
the conditions used in this study.
2. The sensor voltage decreased as moisture content of 
rough rice decreased, and the voltage increased as the grain 
temperature increased. There was an interaction effect of 
moisture content and temperature on the sensor voltage 
because moisture content decreases and grain temperature 
increases during drying.
3. The sensor voltage could be expressed as a function 
of moisture content, grain temperature, and their 
interaction with of 0.95, irrespective of the sensor 
location. Grain temperature was a more useful factor than 
local air temperature in the predictive model.
4. The moisture content of rough rice could be 
predicted well with the following model:
M = (V + b * GT + d) / (c * GT - a) 
where, M: moisture content (%,w.b.)
V: sensor voltage (mV), GT: grain temperature (°C) 
a, b, c, d : regression coefficients
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3.2.2 Dynamic and Quasi-Static Rice moisture Models 
using Relative Humidity Sensors
1. Commercially available temperature and humidity
sensors can be successfully used to predict rice moisture
during deep bed drying and storage.
2. Dynamic moisture models developed in this paper can
be used to predict the rice moisture during drying at
different air velocities. The generalized model for varying 
air velocity predicted rice moisture successfully during 
drying at a certain drying condition.
3.1 A near quasi-static EMC model can be used to predict
the moisture content of stored rice by modifying the
parameters of static EMC models. The modified Chung-Pfost's 
model was the most useful in predicting the moisture content 
of stored rice. This model is as follows:
ERE = exp[-A / (GT + C) * exp(-B * Me)], R^ = 0.94
o at 23®C < GT < 30®C
A=778.2532, B=28.3009, C=0.8656, 
o at 15°C < GT < 23°C
A=2499.3225, 8=37.7082, C=-0.6043
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5.2.3 Pressure Drop Model of Sough Sice
1. The effect of rice moisture on the resistance of 
rough rice to airflow was significant at the 5% level. Dried 
rough rice showed higher resistance to airflow than wet 
rough rice because the porosity between kernels and the 
sphericity of rough rice decreased as rice was dried.
2. The effect of air temperature, within the limited 
range, on the pressure drop of air through rice was not 
significant at the 5% level.
3. The pressure drop model for a moisture level of 
rough rice is as follows:
log(p) = a * log(Q) + b * (log(Q)}^ + c, = 0.99
a = 1.755, b = 0.433, and c = 3.991 - 0.0098 * M
M: rice moisture content, % (w.b.).
4. The generalized model to predict the static pressure 
drop of air through rough rice is as follows:
P = 2843.59 Q + 4876.60 - 60.97 M * Q + 87.32, R^= 0.978
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5.2.4 Respiration Model of Rough Rice
1. The effects of rice moisture and air temperature on 
the respiration of rough rice were highly significant at the 
3% level, but the effect of rice moisture was more 
significant than that of air temperature.
2. The increasing rate of carbon dioxide produced due 
to respiration of rough rice decreased as the storage time 
increased.
3. The dry matter loss of rough rice at 22% moisture 
reached the allowable upper limit of 0.5% in a storage 
period of about 11 days.
4. The respiration model of rough rice is as follows:
Log(C02) = a * MC + b * TEMP + c * Log (TIME) + d
r 2 = 0.963
where, CO2: carbon dioxide, mg per lOOgrams of dry matter 
MC: rice moisture content, % (w.b.).
TEMP: air temperature, °C 
TIME: storage time, days
a = 0.1978, b = 0.0174, c = 0.7884, d = -2.8760
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5.2.5 Simulation of a Gas Modulating Control System 
with Air Recirculation for In-Bin Rice Drying
1. The gas modulating control system without air 
recirculation saved 25% of the total drying energy in August 
and 8% in December as compared to the conventional system in 
the simulation based on the weather data in southwest 
Louisiana, whereas the energy saving in the actual drying 
test in August was about 32%.
2. The energy consumption rates of gas and electricity 
in the modulating control system without air recirculation 
were 2.59 (2.50) MJ/kg and 0.23 (0.30) MJ/kg in August and 
7.63 and 0.23 MJ/kg in December, respectively; whereas those 
in the conventional system were 3.40 (3.34) MJ/kg and 0.29 
(0.36) MJ/kg in August and 8.28 MJ/kg and 0.27 MJ/kg in 
December, respectively. The figures in parentheses indicate 
the actual data.
3. Air recirculation without dehumidification increased 
the drying energy consumption and drying time in both August 
and December, and it decreased the energy saving effect of 
the gas modulating control according to the ambient air 
conditions.
4. The modulating control system with dehumidified air
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recirculation in December reduced drying energy by 12.9%, 
18.6%, 25.8%, 31.8%, 38.9%, 44.7%, 50.9%, and 57.3% in 
December as the recirculation ratio increased from 10% to 
80% in steps of 10% under an assumption of no energy 
consumption for the dehumidifier. The effect of air 
recirculation was more obvious in December than in August 
because the drying potential of ambient air in December was 
very low.
5. The total drying cost in August per ton of wet rice 
was $2.69 ($2.62) for the conventional system, whereas it 
was $2.13 ($2.17) for the gas modulating control system 
without air recirculation. Air recirculation was not 
required in August because of the high drying potential of 
ambient air in southwest Louisiana.
6. The total drying cost in December per ton of wet 
rice was $5.12 for the conventional system and $4.73 for 
the gas control system without air recirculation.
7. The gas modulating control system with dehumidified 
air recirculation saved drying cost. As the dehumidified air 
recirculation ratio increased from 10% to 80% in steps of 
10%, the total cost per ton of wet rice decreased gradually 
from $4.50, $4.25, $3.91, $3.64, $3.32, $3.06, $2.79 to 
$2.51, respectively.
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5.2.6 PC-Based Automatic Aeration of Rough Rice
1. Relative humidity of air was one of the most 
important factors affecting the behavior of stored rough 
rice. The 75% relative humidity of the air surrounding the 
rough rice was the allowable upper limit that maintained the 
stored rice at the moisture content below 14%, w.b. The 14% 
moisture was a maximum permissible limit based on dry matter 
loss of rough rice.
2. Aeration is required when the temperature of the air 
surrounding the grain is greater than ambient air 
temperature plus 6°C, with the effect of solar radiation on 
rice temperature being taken into account.
3. The gradients of temperature and relative humidity 
of the air surrounding the grain are recommended to be less 
than 6°C and 5% to inactivate most storage fungi, 
respectively.
4. The deterioration index of the air surrounding the 
grain should be less than 4.5 to maintain the stored rice at 
safe moisture content.
5. Control based on temperature and relative humidity 
of the aeration air was adequate enough in storing the rough 
rice safely. Hence, the control based on deterioration index
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and dry matter loss was not really necessary as the control 
criteria in a bin-storage system of rough rice.
6. The developed PC-based automatic aeration system 
based on the aeration criteria controlled the stored rough 
rice well and maintained it at the moisture content below 
14% (w.b. ) and at DI below 4 without damage from storage 
molds.
5.2.7 General Conclusions of This Study
1. The rice moisture model using resistance-type 
moisture sensors can be used to continuously predict rice 
moisture during drying.
2. The dynamic and near quasi-static rice moisture 
models using temperature and humidity sensors can be used to 
predict rice moisture during drying and storage. The use of 
the humidity sensor is recommended over that of the moisture 
sensor because of its better accuracy and predictability.
3. The static pressure drop model of air through rough 
rice (long grain) can be used to determine the optimum power 
and type of a fan. The effect of rice moisture on the 
pressure drop was statistically significant at the 5% level, 
while the effect of air temperature was never significant.
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4. The respiration model of rough rice can be used to 
predict the carbon dioxide produced during storage and to 
determine the dry matter loss of the stored rice.
5. The effects of the gas modulating control and the 
air recirculation on the energy savings in a bin drying 
system of rough rice were analyzed by a simulation model 
using SLAM II/PC.
The gas modulating system saved 25% of total energy in 
August, and 8% in December, while the effect of air 
recirculation without dehumidification was negative in the 
energy saving. The air recirculation with dehumidification 
saved much more drying energy in December as the air 
recirculation ratio increased, but the air recirculation was 
never necessary in August due to high drying potential in 
August in southwest Louisiana.
6. The control criteria of temperature of air and 
grain, relative humidity of air, rice moisture, 
deterioration index, and dry matter loss were determined for 
automatic aeration system of rough rice. The developed 
automatic aeration system based on the aeration criteria 
controlled well the conditions of air and rice well and 
maintained the rice quality in the safe range.
7. The improved pressure drop model of rough rice can 
reduce annually about 10% (0.4 million dollars per year) of
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total electricity used for drying and aeration in farm bins 
through the selection of optimum size fans. The developed 
monitoring and automatic aeration systems can aid in grain 
loss reduction and an additional revenue of 26.6 million 
dollars per year in the U.S. (based on reduction of 3% of 
the total production). The gas modulating control system can 
potentially save 15.7 million m^ of natural gas worth 3.3 
million dollars for the on-farm drying systems (about a 
third of the total rice yield) in the U.S. The total 
economic benefits could thus be more than 30 million dollars 
annually to the rice industry in the U.S.
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CHAPTER VI
RECOMMENDATIONS
1. Development of a sensor to detect the activity of 
most storage fungi without sampling is recommended for 
inclusion in the continuous monitoring system for on-farm 
in-bin rough rice storage.
2. A study on rice drying with reversed airflow is 
recommended for uniform rice drying in a farm-bin system.
3. The effects of rice moisture on the pressure drop of 
air through rough rice in medium and short grains should be 
studied.
4. Insect control using high frequency ultrasound needs 
to be investigated.
5. Development of a proportional control system with a 
programmable output is recommended for optimum drying and 
storage of rough rice.
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Appendix F Plots of data used for determination of the
control criteria for rice aeration.
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APPENDIX A
A.l Raw data and SAS outputs for resistance-type moisture sensor model 
(Model l.a) of rough rice at d^ine condition of 38°C air 
temperature, 50% RH, and 0.3 m^/s/mr air velocity.
Observation Rice M.C.* Sensor output* Grain temp. Time Remark
No. %, w.b. mV °C hour layer
1 22.0 74.0 25.0 0.10 Bottom
2 15.7 46.0 26.0 0.75 layer
3 15.3 28.4 29.0 1.10
4 14.8 26.3 30.0 1.16
5 14.7 24.0 30.0 2.10
6 14.5 21.8 30.4 2.80
7 14.2 21.0 31.0 3.30
8 14.0 19.0 31.0 4.20
9 13.6 16.0 33.0 5.00
10 21.0 77.0 25.8 0.50 Middle
11 20.0 76.7 27.0 0.75 layer
12 19.0 72.0 28.0 1.10
13 18.5 66.0 27.0 1.60
14 17.7 59.0 28.0 2.10
15 16.3 46.0 28.0 2.80
16 15.9 40.0 28.0 3.30
17 15.7 38.0 29.0 3.63
18 15.4 35.0 30.0 4.20
19 14.7 29.0 32.0 5.00
20 14.5 26.0 33.0 6.40
21 22.0 43.0 16.4 0.10
22 22.0 54.0 18.9 0.30
23 22.0 71.0 25.0 0.50
24 22.0 76.0 25.0 0.75
25 21.8 72.0 25.0 1.10
26 21.5 65.0 25.0 1.60
27 20.8 59.0 25.0 2.10
28 19.5 54.0 25.0 2.80
29 17.1 51.0 25.0 3.30
30 16.7 49.0 25.2 4.20
31 15.4 44.0 26.2 5.00
32 15.0 38.0 27.0 6.40
* : average values
Bottom layer!! 5 cm layer from the bottom of the drying bin.
Middle layer!! 15 cm layer from the bottom
top layer!! 25 cm layer from the bottom
Total rice depth : 30 cm.
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o SAS output 
Model l.a
Dependent variable: sensor output (mV) 
Analysis of Variance
source DF Mean F Value Prob > F
Model 3 11115 3705 158 0..0001
28 655 23
C Total 31 11770
R-square: 0.944
Parameter Estimates
Variable DF Parameter Standard T value Prob>:T: Variance
Estimate Error for Ho Inflation
Intercept 1 297.585 48.494 6.137 0.0001 0.000
MC 1 -14.531 2.393 -6.071 0.0001 69.227
TEMP. 1 -13.265 1.658 -8.002 0.0001 46.392
M*TEMP. 1 0.779 0.085 9.151 0.0001 26.629
Collinearity Diagnostics
Eigen value Condition number Var. prop. Var. prop.. Var. prop.
MC TEMP. M*TEMP.
1.954 1.000 0.004 0.004 0.003
1.039 1.371 0.000 0.007 0.024
0.007 16.585 0.996 0.989 0.973
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Raw data and SAS outputs for moisture sensor model (Model l.b) at 
drying condition of 50°C air temperature, 50% RH, and 0.12 m^/s/m^ 
air velocity.
OBS. M.C.* Sensor output* Grain temp. Remark
NO %. w.b. mV ®C hour layer
1 23.0 72 30.0 0.5 Bottom
2 20.8 45 34.6 1.0
3 19.6 37 36.5 1.5
4 18.2 31 38.3 1.8
5 16.7 27 39.7 2.8
6 15.3 25 41.7 4.3
7 24.0 85 33.5 0.5 Middle
8 24.3 65 36.0 1.8
9 22.9 54 35.3 2.8
10 21.7 46 36.6 4.3
11 21.1 39 36.7 5.5
12 19.6 30 35.8 6.5
13 16.9 22 38.5 8.3
*: average values.
Bottom layer: 5 cm layer form the bottom of the bin. 




Source DF Sum of Mean F value 
Square Square
Prob > F R-Square




Variable DF Parameter Standard prob>:T; Variance
Estimate Error for Ho Inflation
Intercept 1 -795.83 164.5 -4.84 0.0009 0.00
MC 1 41.91 7.5 5.63 0.0003 223.78
TEMP. 1 19.19 4.2 4.57 0.0013 71.01
M*TEMP. 1 -0.97 0.2 -5.00 0.0007 91.77
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Raw data and SAS outputs for moisture sensor model (Model 2) 
using local air temperature at drying condition of 38°C air 








Air velocity Layer 
m^/s/m^
26.3 28.5 76 0.12 Bottom
26.1 28.6 61 0.12
24.4 28.6 56 0.12
22.7 28.6 53 0.12
21.5 29.2 46 0.12
21.0 30.7 42 0.12
17.0 33.2 34 0.12
15.0 34.8 26 0.12
12.0 35.6 23 0.12
12.0 36.4 22 0.12
26.8 29.0 64 0.3
24.9 30.0 42 0.3
23.1 31.6 32.4 0.3
21.5 32.5 27.8 0.3
20.3 34.2 26.5 0.3
17.9 34.5 20.8 0.3
17.2 35.2 21.0 0.3
15.5 35.6 19.6 0.3
13.7 36.4 19.9 0.3
25.4 27.6 65.8 0.4
23.7 31.1 35.0 0.4
21.9 32.6 29.4 0.4
21.2 33.5 22.9 0.4
20.1 34.3 23.4 0.4
20.0 35.1 20.2 0.4
17.7 35.8 23.3 0.4
16.6 37.0 19.3 0.4
13.9 37.7 19.0 0.4
26.9 28.3 79 0.12 Middle
26.6 28.8 74 0.12
26.3 28.9 62 0.12
26.2 28.9 58 0.12
26.0 28.5 60 0.12
25.9 28.2 59 0.12
25.0 28.4 58 0.12
24.0 28.6 49 0.12
19.0 29.0 33 0.12
18.0 33.2 28 0.12
13.5 36.4 23 0.12
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11.5 37.1 20 0.12
27.5 33.6 81.5 0.3
27.3 29.1 76.0 0.3
27.3 29.0 72.3 0.3
26.6 28.1 66.3 0.3
26.3 27.8 60.8 0.3
25.1 30.2 50.1 0.3
23.5 31.2 36.1 0.3
21.7 32.5 29.5 0.3
21.0 33.4 26.4 0.3
16.5 35.3 23.0 0.3
27.1 27.2 70.2 0.4
26.4 27.4 62.9 0.4
26.3 28.2 45.4 0.4
24.5 30.8 34.8 0.4
23.5 32.3 27.7 0.4
22.4 33.5 27.5 0.4
20.2 35.5 21.8 0.4
18.3 36.5 20.2 0.4
*: average values.
Bottom layer: 10 cm layer from the bottom of the drying bin. 
Middle layer: 20 cm layer from the bottom of the drying bin.
Model 2.a: model 2 for the middle and bottom layers using
local air temperature instead of grain temperature at 
different air velocities.





Model 4 19809.8 4952.457 105.79 0.0001
53 2481.1 46.813
C Total 57 22290.9


















INTERCEP 1 -402.112 72.059 -5.580 0.0001 0.00
M 1 20.412 2.798 7.294 0.0001 205.26
AT 1 11.103 2.012 5.518 0.0001 50.78
H*AT 1 -0.501 0.080 -6.206 0.0001 81.29
AV 1 -50.720 9.696 -5.231 0.0001 1.59
o Model 2.b: model 2 for the middle layers
at the different air velocities.
Analysis of Variance
Source DF Slim of Mean F Value Prob>F R-square
Squares Square
Model 4 10525.2 2631.29324 41.902 0.0001 0.8702
Error 25 1569.9 62.79688
C Total 29 12095.1
Parameter Estimates
Variable DF Parameter Standard T for HO: Prob > |T| Variance
Estimate Error Parameter=0 Inflation
INTERCEP 1 -456.081 113.29 -4.026 0.0005 0.00
M 1 21.048 4.42 4.757 0.0001 167.52
AT 1 12.058 3.19 3.770 0.0009 44.98
M*AT 1 -0.487 0.13 -3.783 0.0009 71.00
AV 1 -53.864 14.34 -3.756 0.0009 1.33
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o Model 2.C: model 2 for the bottom layers




F Value Prob>F R-square
Model 4 7320.4 1830.1 114.7 0.0001 0.9523
23 366.9 16.0
C Total 27 7687.3
Parameter Estimates
Variable DF Parameter Standard T for Ho Prob>|T| Variance
Estimate Error Parametér=0 Inflation
Intercept 1 -261.034 73.09 -3.57 0.0016 0.00
M 1 18.893 2.74 6.89 0.0001 247.30
AT 1 8.085 1.99 4.06 0.0005 63.92
M*AT -0.529 0.08 -6.89 0.0001 92.73
AV 1 -24.907 10.64 -2.34 0.0283 2.73
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B.l SAS program and outputs of the dynamic moisture models 




Source DF Squares Square F Value Prob>F
Model 3 6.09422 2.03141 487.381 0.0001
Error 7 0.02918 0.00417
C Total 10 6.12339
Root MSE 0.06456 R-square 0.9952
Dep Mean -1.06175 Adj R-sq 0.9932
C.V. -6.08051
Parameter Estimates
Parameter Standard T for HO:
Variable DF Estimate Error Parameter=0 Prob > |T|
INTERCEP 1 -0.246106 0.03169 -7.765 0.0001
TMRH 1 0.952420 0.08558 11.128 0.0001
TMRH2 1 0.092629 0.00681 13.592 0.0001
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-0.12308 -1.35387
1.076441 Variance 1.158724
Skewness 0.173911 Kurtosis -1.19818
USS 11.75388 CSS 11.58724
CV -874.592 Std Mean 0.324559
T:Mean=0 -0.37922 Prob>|T| 0.7125
Sgn Rank -5 Prob>|S| 0.7002
Num *= 0 11









Source DF Squares Square F Value Prob>F
Model 2 1.68766 0.8438 201.908 0.0001
Error 9 0.03761 0.0048
11 1.72527
MSE 0.06465 R-square 0.9782
Dep Mean -0.60046 Adj R-sq 0.9734
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Parameter Estimates
Parameter Standard T for HO;
Variable DF Estimate Error Parameter=0 Prob >
INTERCEP 1 -0.094276 0.03517 -2.680 0.0252
TMRH 1 0.030212 0.01531 1.973 0.0799










12 Sum Wgts 12
0.120971 1.451655
1.137156 Variance 1.293125
Skewness 0.773975 Kurtosis -0.0798
USS 14.39998 CSS 14.22437
CV 940.0222 Std Mean 0.328269
T:Mean=0 0.368513 Prob>|T| 0.7195
Sgn Rank -1 Prob>|S| 0.9697
12















Source DF Squares Square F Value Prob>F
Model 2 1.58010 0.79005 394.957 0.0001
Error 11 0.02200 0.00200
C Total 13 1.60210
Root MSE 0.04473 R-square 0.9863
Dep Mean -0.49402 Adj R-sq 0.9838
C.V. -9.05336
Parameter Estimates
Parameter Standard T for HO:
Variable DF Estimate Error Parameter=0 Prob > |
INTERCEP 1 -0.078082 0.0198 -3.942 0.0023
TMRH 1 0.135826 0.0368 3..688 0.0036








N 14 Sum Wgts 14
0.051286 0.718004
1.089825 Variance 1.187718
Skewness -0.7832 Kurtosis 2.138314
USS 15.47716 CSS 15.44034
CV 2124.996 Std Mean 0.291268
T:Mean=0 0.176078 Prob>|T| 0.8629
Sgn Rank 7.5 Prob>|S| 0.6698
14
W:Normal 0.943713 Prob<W 0.4465




















F Value Prob>F 
181.330 0.0001
Root MSE 0.14199 R-square
























































(For Number of Obs.) 37
1st Order Autocorrelation -0.121 




37 Sum Hgts 37
-0.00428 -0.15845
1.021463 Variance 1.043388
Skewness -0.17686 Kurtosis 0.299564
USS 37.56263 CSS 37.56196
CV -23852.1 Std Mean 0.167928
T:Mean=0 -0.0255 Prob>|T| 0.9798
Sgn Rank -3.5 Prob>lS| 0.9587
37
W:Normal 0.988085 Prob<W 0.9701








SAS program of the generalized dynamic moisture model 
of rough rice during drying.
OPTIONS LS=70 PS=60;
DATA A;











24.4 28.6 99.9 0.13
21.5 29.2 97.7 0.13
21.0 30.7 90.6 0.13
17.0 33.2 73.8 0.13
15.0 34.8 64.0 0.13
12.0 35.6 54.0 0.13
11.4 37.7 50.1 0.13
24.0 28.6 99.9 0.13
18.0 33.2 78.4 0.13
13.5 36.4 57.9 0.13
11.5 37.1 51.3 0.13
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23.7 31.1 79.8 0.40
21.9 32.6 69.3 0.40
21.2 33.5 64.6 0.40
26.3 28.2 98.1 0.40
20.1 34.3 61.0 0.40
24.5 30.8 89.4 0.40
20.0 35.1 58.7 0.40
23.5 32.3 80.7 0.40
17.7 35.8 56.1 0.40
22.4 33.5 73.9 0.40
16.6 37.0 52.8 0.40
20.2 35.5 64.5 0.40
13.9 37.7 50.3 0.40
18.3 36.5 59.3 0.40
23.1 31.6 83.0 0.30
21.5 32.5 73.3 0.30
20.3 34.2 67.6 0.30
25.1 30.2 96.3 0.30
17.9 34.5 60.4 0.30
23.5 31.2 88.8 0.30
17.2 35.2 56.2 0.30
21.7 32.5 78.5 0.30
15.5 35.6 53.6 0.30
21.0 33.4 ,71.5 0.30
13.7 36.4 50.0 0.30
16.5 35.3 58.6 0.30
REG;
MODEL TMR = TMRH TMRH2 TAV
/DW INFLUENCE COLLINOINT VIF; 
OUTPUT OUT=B P=P R=R STUDENT=STUD1;
PROG RANK DATA=B NORMAL=BLOM OUT=C;
VAR STUDl ; RANKS RANKSTUl ;
PROG PLOT DATA=B;
PLOT R*P='W ;
PROG UNIVARIATE DATA=G PLOT NORMAL; VAR STUDl i 
RUN;
QUIT;
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SAS program and outputs for validation of the dynamic moisture 
model (model 3.b) and the generalized model (model 4) using 
data obtained at a certain drying condition of 30% RH and 45°C 
temperature.
o Prediction of rice moisture using model 3.b.
OPTIONS LS=70 PS=60;
DATA A;








23.0 26.0 100 0.3
18.0 33.0 74.7 0.3
15.7 35.4 61.1 0.3
14.4 37.2 52.6 0.3
14.2 38.4 46.9 0.3
13.6 39.6 42.3 0.3
12.8 40.4 38.9 0.3
16.3 33.3 69.0 0.3
15.5 37.9 49.8 0.3
14.7 39.3 42.9 0.3
13.6 40.4 39.8 0.3
12.1 41.0 37.2 0.3
11.5 41.6 35.7 0.3






















o Prediction of rice moisture using model 4.
OPTIONS LS=70 PS=60;
DATA A;








23.0 26.0 100 0.3
18.0 33.0 74.7 0.3
15.7 35.4 61.1 0.3
14.4 37.2 52.6 0.3
14.2 38.4 46.9 0.3
13.6 39.6 42.3 0.3
12.8 40.4 38.9 0.3
16.3 33.3 69.0 0.3
15.5 37.9 49.8 0.3
14.7 39.3 42.9 0.3
13.6 40.4 39.8 0.3
12.1 41.0 37.2 0.3
11.5 41.6 35.7 0.3





m.c. Z m.c. %
1 23.0 23.3
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Measured moisture content(Z,w.b.) and values predicted 
by static EMC models and modified EMC models (model 5.a 
and model 6.a) during rough rice storage.
OBS M.C. A.T. R.H. PREDICTED MOISTURE CONTENT (Z,w.b.) 
Z,wb C Z MODEL A MODEL B MODEL C MODEL D
1 11.2 29.3 50.8 10.9294 10.6969 10.9386 11.3961
2 12.0 30.0 60.8 12.0484 11.7758 12.0685 12.1807
3 11.8 27.9 52.3 11.1718 10.9373 11.1662 11.6490
4 12.7 28.7 64.3 12.5393 12.2719 12.5187 12.6209
5 11.9 27.9 51.6 11.0914 10.8621 11.0877 11.5922
6 12.6 27.9 56.2 11.6221 11.3645 11.6058 11.9722
7 12.4 29.4 61.6 12.1755 11.9038 12.1795 12.3066
8 13.4 28.6 76.6 14.1698 14.0291 14.1047 13.9707
9 16.2 28.7 92.0 17.1436 17.8030 16.9967 16.8981
10 13.8 26.9 78.8 14.6097 14.4995 14.4870 14.4174
11 15.9 26.5 92.2 17.3649 17.9927 17.1434 17.1504
12 12.0 25.9 57.9 11.9300 11.6709 11.8599 12.3136
13 13.1 25.4 66.8 13.0425 12.7752 12.9276 13.1803
14 15.9 31.7 87.1 15.7582 16.0563 15.7336 15.4044
15 19.7 29.4 97.7 19.5448 21.5575 19.3471 19.8469
16 14.3 23.1 72.4 13.9268 13.6791 13.7211 14.0092
17 13.4 23.1 72.4 13.9268 13.6791 13.7211 14.0092
18 13.7 23.9 64.0 12.7827 12.5083 12.6375 13.0681
19 13.2 23.9 64.0 12.7827 12.5083 12.6375 13.0681
M.C. : moisture content measured by an oven method, (Z,w.b.)
A.T. : local air temperature (°C)
R.H. : local air relative humidity (Z)
MODEL A : Modified Henderson's EMC model
MODEL B : Chung-Pfost's EMC model
MODEL C : Remodified Henderson's near-EMC model 5.a
MODEL D : Modified Chung-Pfost's near-EMC model 6.a
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B.4 Measured moisture content (Z, w.b.) and values predicted 
by static EMC models and modified EMC models (model S.b 
and model 6.b) during rough rice storage
OBS M.C. A.T. R.H. PREDICTED MOISTURE CONTENT (Z, w.b.) 
Z,wb °C Z MODEL A MODEL B MODEL C MODEL D
1 14.42 22.1 78.9 14.9523 14.7848 14.2805 14.1120
2 16.00 22.1 91.6 17.5349 17.9804 15.9348 16.0128
3 14.68 22.2 83.9 15.7977 15.7703 14.8303 14.6861
4 14.19 21.2 75.8 14.5416 14.3125 14.0004 13.8894
5 15.43 20.7 87.6 16.6553 16.7652 15.3603 15.3643
6 13.78 19.3 72.3 14.1724 13.8930 13.7337 13.7697
7 14.38 19.1 78.3 15.0756 14.8569 14.3236 14.3434
8 15.05 19.1 86.8 16.6105 16.6431 15.3104 15.3946
9 13.70 18.5 69.9 13.8985 13.6042 13.5422 13.6606
10 14.74 16.6 82.7 16.0124 15.8448 14.8942 15.1112
11 13.50 18.4 68.4 13.7043 13.4081 13.4118 13.5553
12 13.36 18.9 62.1 12.8617 12.5866 12.8513 13.0482
13 14.44 16.2 79.8 15.5420 15.3052 14.5865 14.8295
14 12.95 22.1 67.7 13.3644 13.0865 13.2278 13.1258
15 12.80 22.2 64.3 12.9251 12.6471 12.9319 12.8675
16 13.37 21.8 70.3 13.7271 13.4562 13.4676 13.3567
17 13.11 21.6 68.7 13.5276 13.2496 13.3318 13.2495
18 13.04 21.5 66.0 13.1844 12.9029 13.0997 13.0560
19 13,53 21.4 73.1 14.1386 13.8829 13.7367 13.6276
20 13.66 18.4 65.8 13.3640 13.0716 13.1842 13.3623
M.C. : moisture content measured by an oven method, (Z, w.b.)
A.T. ; local air temperature (°C), 15°C< A.T.<23°C
R.H. : local air relative humidity (Z)
MODEL A : Modified Henderson's EMC model
MODEL B : Chung-Pfost's EMC model
MODEL C : Remodified Henderson's near-EMC model 5.b
MODEL D : Modified Chung-Pfost's near-EMC model 6.b
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B.5 Estimating the Parameters of a Nonlinear System(Draper,1981)
In some nonlinear problems, it is most convenient to write down the 
normal equations and develop an iterative technique for solving them. Whether 
this works satisfactorily or not depends on the form of the equations and the 
iterative method used.
The linearization (or Taylor series) method uses the results of linear 
least squares in a succession of stages. Let 6io,6zo, - ,0,0 be initial values 
for the parameters • These initial values will, it is hoped, be
improved upon in the successive iterations to be described below. If we carry 
out a Taylor series expansion of /(Ç, 0) about the point00where 00 =  (8,0,620,- .,O^ ))' 
and curtail the. expansion at the first derivatives, we can say that, 
approximately, when 0 is close to0„, g) = 0,) +  f  _  g )
1-1 L sdi
If we sec f c .  / & .  «.) , r«r(L.»)l
f i ' ' L J.--
we can see that the normal equation is of the following linear form.
approximately. +c.;
We can now estimate the parameters /i,®, 
least squares theory. If we write
Z?, ZS, ... z;, [y. - /.®'
ZÎ: Z h  ... Z;, V
z„ =
zj. Z L  ... z;.
= {Z?}.nxp •'0 =
*2® and yo =
. V.
z?. ... z^. X -'/.®.
1,2,3, p by applying linear
= Y -  f°.
say, with an obvious notation, then the estimate of Po =  
given by
bo = (Zo'Zo)-lZo'(Y - fO)
The vector b© will therefore minimize the sum of squares with
ss(0) = i jr. -  /(§.. 0„) -  É
respect to the A* , i=l,2,3,...p where =  g, - g,© . Let us write =  g„ _  g.,. 
Then the 0;„ , i-l,2,3,...p can be thought of as the revised best estimates of
We can now place the values g^ , the revised estimates, in the same roles 
as were played above by the values 0m and go through exactly the same 
procedure described above by equations (1) through (7), but replacing all the 
zero subscripts by ones. This will lead to another set of revised estimates 6»
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and so on. In vector form, extending the previous notation in an obvious way, 
we can write
®i+i =  +  bj
e,+ , = 6j + (Z/Z;)-'Z/(Y-m
2.J={ZU,
®1 =  (®U«
This iterative process is continued until the solution converge, that is, 
until in successive itrerations j,(j+l),
I {®io’+ II “ ^ i = It 2,..., p,
where, 6 is some prespecified amount (e.g., 0.000001).
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APPENDIX C
C.l Mean Pressure drops of air through rough rice according to airflow 
rates at different rice moistures (Z, w.b.) and air temperatures (°C).
Airflow R. Static Pressure Drop (Pascals/meter) 
m^/s/m^ 12.8% 12.8% 15.2% 15.2% 22.0% 27.0% 27.0%
25°C 38°C 25°C 38®C 38®C 25°C 38°C
0.011 124 123 104 114 95 87 93
0.022 155 155 122 130 114 107 104
0.033 176 181 148 159 143 127 118
0.044 203 206 164 175 159 145 146
0.055 230 238 188 196 171 163 172
0.066 255 265 212 221 191 185 190
0.077 288 303 237 248 220 208 215
0.088 323 329 261 275 246 238 243
0.100 358 378 299 305 266 263 270
0.111 394 415 328 337 298 282 292
0.122 435 459 354 360 344 304 318
0.133 476 499 384 395 380 309 347
0.144 523 538 422 432 400 342 370
0.155 573 590 457 471 425 368 400
0.166 619 640 497 510 460 403 434
0.177 660 675 535 550 505 446 466
0.188 . . 579 597 . 486 508
0.200 . 618 . 517 537
0.211 ' . 675 . 560 585
0.222 . . . . .  596 627
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C.2 SAS Outputs of Pressure Drop Model (Model 8)
Stepwise Procedure for Dependent Variable P
Step 1 Variable Q Entered R-square = 0.912














Parameter Standard Type II 











Bounds on condition number:
Note) P : pressure drop (Pa/m),
Q : airflow rate (m^/s/m^).
Step 2 Variable M*Q Entered R-square = 0.968












Parameter Standard Type II
Variable Estimate Error Sum of Squares F Prob>F
INTERCEP 45.867 3.83 127038.048 142.85 0.0001
Q 3789.214 64.47 3071645.080 3453.88 0.0001
M*Q -54.289 2.57 394235.987 443.29 0.0001
Bounds on condition number:
Note) M*Q = moisture(Z,wb) * airflow rate (m^/s/m^).
Step 3 Variable Entered R-square = 0.978 C(p) = 14.478 
DF Sum of Squares Mean Square F Prob>F


















Standard Type II 




















Note) = Q * Q.
Step 4 Variable M Entered R-square = 0.979 C(p) = 5.00 













Parameter Standard Type II
Variable Estimate Error Sum of Squares F Prob>F
INTERCEP 120.089 10.83 72161.48 122.79 0.0001
Q, 2642.016 116.84 300482.15 511.30 0.0001
4606.297 449.71 61655.87 104.91 0.0001
M -1.808 0.53 6745.93 11.48 0.0008
M*Q -47.835 4.44 67983.77 115.68 0.0001
Bounds on condition number:
All variables in the model are significant at the 0.1500 level.
No other variable met the 0.1500 significance level for entry into the model.







R**2 C(p) F Prob>F
1 Q 1 0.912 0.912 802.7 2666 0.0001
2
?
2 0.057 0.968 133.8 443 0.0001
3 3 0.010 0.978 14.4 116
4 M 4 0.001 0.979 5.0 11 0.0008
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C.3 AMOVA and Multicollinearity Diagnostics of Model 8
Model 8: Generalized Pressure Drop Model 





DF Squares Square F Value Prob>F
3 6934231 2311410 
254 155430 611 
257 7089662
3777.251 0.0001
Root MSE 24.73721 R-square 0.9781





Variable DF Estimate Parameter=0 Prob > |T|
INTERCEP 1 87.317021 4.9868 17.509 0.0001
1 2843.584693 102.6139 27.711 0.0001
1 4876.594725 451.6183 10.798 0.0001
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APPENDIX D
D.l SAS Program and Data of Respiration Model
Note: TIME(day), TEMP(deg. C), MC(Z, w.b.), 
C02(mg/100 grams of dry matter).
DATA A;
INPUT TIME TEMP MC C02;
LOGCO2=LOG10(C02);LOGTIME=LOG10(TIME);
; 20 22 7.46
3 20 21 5.10
3 20 20 6.71
> 20 22 21.24
> 20 21 16.44
> 20 20 16.23
) 20 22 31.00
) 20 21 20.98
) 20 20 19.59
> 20 22 41.91
> 20 21 35.72
> 20 20 23.51
) 20 22 59.14
) 20 21 37.98
) 20 20 30.23
) 20 22 66.60
> 20 21 45.35
> 20 20 30.79
> 20 22 79.24
> 20 21 53.86
> 20 20 34.71
> 20 22 97.61
> 20 21 69.16
> 20 20 51.50
) 20 22 105.65
) 20 21 80.50
) 20 20 54.86
) 20 22 146.41
) 20 21 99.21
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5.0 27 22.3 443.8
5.0 27 18.0 52.9
5.0 27 21.9 372.7
8.0 27 22.3 605.2
8.0 27 21.9 533.3
8.0 27 18.0 71.6 
11 27 22.3 743.5
11 27 21.9 648.0
11 27 18.0 81.5
0.08 34 21 13.0 
0.25 34 21 32.3 
0.5 34 21 47.1
0.75 34 21 68.0
1 34 21 72.0
1.25 34 21 77.1 
1.75 34 21 82.2 
1 20 13.8 1.04
1 27 13.8 1.04
1 34 13.8 3.12
3 20 13.8 2.08
3 27 13.8 3.18
3 34 13.8 4.16
8 20 13.8 7.27
8 27 13.8 9.35
34 13.8 10.39 
20 13.8 11.43 
27 13.8 12.47 
34 13.8 15.59 
20 15.0 15.28 
20 15.0 25.29 
20 15.0 34.25 
20 12.5 10.75 
20 12.5 11.78 
20 12.5 12.54 
27 22.3 1054.8 
















MODEL L0GC02 =MC TEMP LOGTIME/P VIF COLLIN; 
OUTPUT OUT=B P=P R=R STUDENT=STUD1;
PROC RANK DATA=B NORMAL=BL(M OUT=C;
PROC PLOT DATA=B; PLOT R*P='R';
PROC UNIVARIATE DATA=C PLOT NORMAL; VAR STUDl;
r u n ;
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D.2 SAS OUTPUT OF RESPIRATION MODEL
Model 9: RESPIRATION MODEL OF ROUGH RICE 
Dependent Variable: LOGCO2=LOG10(CO2)
Analysis of Variance
Source DF Squares Square F Value Prob>F
Model 3 30.92374 10.30791 624.517 0.0001
72 1.18839 0.01651
C Total 75 32.11213
Root MSE 0.12847 R-square 0.9630




Variable DF Estimate Error Parameter=0 Prob > |
INTERCEP 1 -2.876025 0,12330679 -23.324 0.0001
MC 1 0.197767 0.00493189 40.100 0.0001
TEMP 1 0.017435 0.00290920 5.993 0.0001









Condition Var Prop Var Prop Var Prop Var Prop
Number Eigenvalue Number INTERCEP MC TEMP LOGTIME
1 3.19689 1.00000 0.0014 0.0022 0.0039 0.0212
2 0.75903 2.05227 0.0005 0.0018 0.0012 0.7964
3 0.03480 9.58461 0.0121 0.2350 0.7399 0.0518
4 0.00928 18.55922 0.9860 0.7611 0.2550 0.1307
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Plot of R*P. Symbol used is 'R*. 
(NOTE: 15 obs hidden.)
R R
R R R
R RR RR R R R
R R R RR RRR R R 
R RR R R R R RRRR R RRR R 
R R R  R RR
R R R R R R
Variable=STUDl
i 1.0 1.5 2.0
Predicted Value of L0GC02
UNIVARIATE PROCEDURE
VALUE OF STUDl REPLACED BY RANK 
Moments
N 76 Sum Wgts 76
-553E-14 -421E-12
0.98661 Variance 0.973398
Skewness 0 Kurtosis -0.20715
USS 73.00488 CSS 73.00488
CV -1.78E13 Std Mean 0.113172
T:Mean=0 -489E-13 Prob>|T| 1.0000
Sgn Rank -19 Prob>|S| 0.9224
Num *= 0 76
W:Normal 0.991907 Prob<W 0.9868
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APPENDIX E
E.l Simulation Programs of a Gas Control System




















JCX(20)=XX(20)+ATRIB ( 1) ; 
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MAIN AND SUBROUTINE PROGRAMS (AUGUST)




















C XK IS DRYING CONSTANT.
C XMO IS INITIAL MOISTURE OF ROUGH RICE, DECIMAL,DRY BASIS.
C XMF IS FINAL MOISTURE OF ROUGH RICE, DECIMAL, DRY BASIS.
C W IS TOTAL WEIGHT OF WET RICE, KG.
C HEAD IS STATIC PRESSURE DROP OF AIR, M IN WATER.
C MONTH IS AUGUST OR DECEMBER WHEN DRYING IS CONDUCTED.
C STGAS IS INITIAL GAS AMOUNT, KG.
C SS(1) IS GAS TO BE RELEASED TO THE BURNER TANK, KG.
C SS(2) IS ACCUMULATED HEAT OF GAS CONSUMED IN SYSTEM I, MJ.
C SS(3) IS TEMPERATURE OF EXHAUSTED AIR AT TIME = T, oC.
C SS(4) IS ABSOLUTE HUMIDITY OF EXHAUSTED AIR, KG/KG'.
C SS(5) IS ACCUMULATED REMOVED-WATER, KG.
C SS(6) IS ACCUMULATED HEAT SUPPLIED BY AIR FAN, MJ.
C XX(2) IS RATIO OF AIR RECIRCULATION, DECIMAL
C XX(2) = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8.




XX(3) = 28.6 + 5.4 * SIN(PI*TN0W/12)
XX(5) = 0.778 - 0.138 * SIN(PI*TN0W/12)
GO TO 10 
ELSE
XX(3) = 11.4 + 5.56 * SIN(PI*TN0W/12)
XX(5) = 0.77 - 0.13 * SIN(PI*TN0W/12)
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C DD(3) = +XK * (38 - SS(3))
C DD(4) = -XK * (SS(4) - XX(6»
SS(3) = 38 + (TE - 38) * EXP(-XK * TNOW)
SS(4) = HA + (HE - HA) * EXP(-XK * TNOW)
XX(4) = XX(3) + XX(2) * (SS(3) - XX(3))
XX(7) = XX(6) + XX(2) * (SS(4) - XX(6))
XX(8) = 0.002833*(XX(4)+273)*(1+1.6078*XX(7))
XX(9) = 4.18 * (0.24 + XX(7) * (597.3 /(XX(4)+273) + 0.441)) 
C XX(8) IS ABOUT 0.88
C XX(9) IS ABOUT 1.2





SS(1) = SSL(l) + XX(l)/49.395 
XX(12) = W * (XMO - XMF)
SS(5) = SSL(5) + 60 * 360 / XX(8) * (SS(4) - XX(7)) * DTNOW 
SS(7) = XX(1)749.395 - GASMIN 





























GO TO (1,2), IX 
1 XX(13) = HFG * XX(12) / 0.8
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WRITE(*,5) XX(2)*100,W,WMO,WMF 
5 FORMAT(T10,'SIMULATION OF RICE DRYING SYSTEM'///XI0,
*'BIN DRYING IN AUGUST OF LOUISIANA',//T10,
1'RATIO OF AIR RECIRCULATION = ',F7.1,' Z',//T10,
2 'TOTAL WEIGHT OF WET RICE = ',F10.1,' KG',//T10,
3'INITIAL MOISTURE CONTENT = ',F7.1,' Z,W.B.',//T10,
4 'FINAL MOISTURE CONTENT = ',F7.1,' Z,W.B.',//)
D=USERF(T)
XX(15)=0.6219*RH*D/(101.325-RH*D)
XX(16)=0.002833 * (T + 273) * (1 + 1.6078 * XX(15)> 
XX(17)=4.18*C0.24+XX(15)*(59?.3/(T+273) + 0.441» 
XX(18)=2.742*XX(12)*1000 * XX(16) / XX(17) / 60 / 360 / (38 - 








*'ENERGY IN NATURAL GAS (MJ) =',F10.3,6X,F10.3//T10,
1'ENERGY IN ELECTRICITY (MJ) =',F10.3,6X,F10.3//T10,
2 'TOTAL AMOUNT OF GAS (KG) =',F10.3,6X,F10.3//T10,
3 'TOTAL DRYING TIME (HOURS) =',F10.1,6X,F10.1//T10,
4 'ENERGY RATE IN GAS (MJ/KG) =',F10.3,6X,F10.3//T10,
5'ENERGY RATE IN ELEC.(MJ/KG) =',F10.3,6X,F10.3//T10,
6'TOTAL ENERGY FOR DRYING(MJ) =',F10.3,6X,F10.3//T10,
7'GAS & ELEC. USED FOR DRYING'/TIO,
8' TO TOTAL ENERGY (PERCENT) =',F10.1,6X,F10.1)
WRITE(*,30) (XX(14)+XX(19)-SS(2)-SS(6))/XX(13)*100, 
l(XX(14)-SS(2))/XX(12),(XX(19)-SS(6))/XX(12),(XX(18)-TNOW)
30 FORMAT(///TIO,'ENERGY SAVINGS VERSE TOTAL ENERGY =',F6.2,
1' Z',//TIO,'ENERGY SAVING RATE IN NATURAL GAS =',F7.3,
2' MJ/KG',//TIO,'ENERGY SAVING RATE IN ELECTRICITY =',F7.3,
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SLAM II Exective Program (December)


























f i n ;
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MAIN AND SUBROUTINE PROGRAMS (DECEMBER)
C





















C XK IS DRYING CONSTANT.
C XMO IS INITIAL MOISTURE OF ROUGH RICE, DECIMAL, DRY BASIS.
C XMF IS FINAL MOISTURE OF ROUGH RICE, DECIMAL, DRY BASIS.
C W IS TOTAL WEIGHT OF WET RICE, KG.
C HEAD IS STATIC PRESSURE DROP OF AIR, M IN WATER.
C MONTH IS AUGUST OR DECEMBER WHEN DRYING IS CONDUCTED.
C STGAS IS INITIAL GAS AMOUNT, KG.
C SSd) IS GAS TO BE RELEASED TO THE BURNER TANK, KG.
C SS(2) IS ACCUMULATED HEAT OF GAS CONSUMED IN SYSTEM I, MJ.
C SS(3) IS TEMPERATURE OF EXHAUSTED AIR AT TIME = T, oC.
C SS(4) IS ABSOLUTE HUMIDITY OF EXHAUST AIR, KG/KG'.
C SSC5) IS ACCUMULATED REMOVED-WATER, KG.
C SS(6) IS ACCUMULATED HEAT SUPPLIED BY AIR FAN, MJ.
C XX(2) IS THE RATIO OF AIR RECIRCULATION, DECIMAL,
C XX(2) = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8.




XX(3) = 28.6 + 5.4 * SIN(PI*TN0W/12)
XX(5) = 0.778 - 0.138 * SIN(PI*TN0W/12)
GO TO 10
XX(3) = 11.44 + 5.56 * SIN(PI*TN0W/12)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
XX(5) = 0.77 - 0.13 * SIN(PI*TN0W/12)
ENDIF




DD(3) = +XK * (38 - SS(3))
DD(4) = -XK * (SS(4) - XX(6))
SS(3) = 38 + (TE - 38) * EXP(-XK * TNOW)
SS(4) = HA + (HE - HA) * EXP(-XK * TNOW)
TT = SS(3) - XX(3)
XX(4) = XX(3) + XX(2) * TT 
HH = SS(4) -XX(6)
IF A DEHUMIDIFIER IS USED, HH IS ASSUMED TO BE ZERO.
XX(7) = XX(6) + XX(2) * HH
XX(8) = 0.002833*(XX(4)+273)*(1+1.6078*XX(7))
XX(9) = 4.18 * (0.24 + XX(7) * (597.3 /(XX(4)+273) + 0.441)) 
XX(8) IS ABOUT 0.88 
XX(9) IS ABOUT 1.2





SS(l) = SSL(l) + XX(l)/49.393 
XX(12) = W * (XMO - XMF)
SS(3) = SSL(3) + 60 * 360 / XX(8) * (SS(4) - XX(7)) * DTNOW 
SS(7) = XX(l)/49.393 - GASMIN 
WRITE(*,*) TNOW, SS(7),SS(3)
RETURN









C SYSTEM I: CONTROL SYSTEM, SYSTEM II: CONVENTIONAL SYSTEM 










;t  a i r , de c i m a l.
:, HOURS.
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C XX(15) IS ABS. HUMIDITY OF EXIT AIR IN SYSTEM II, DECIMAL.
C XX(16) IS SPECIFIC VOLUME OF EXIT AIR IN SYSTEM II, M3/KG.
C XX(17) IS HEAT CAPACITY OF EXIT AIR IN SYSTEM II, KJ/KG/K.
C XX(18) IS TOTAL DRYING TIME IN SYSTEM II, HOURS.
C XX(19) IS HEAT SUPPLIED BY AIR FAN IN SYSTEM II, MJ.
C XX(20) IS TOTAL HEAT OF VAPORIZATION DURING DRYING, MJ.
C XX(21) IS MEAN ABSOLUTE HUMIDITY OF AMBIENT AIR IN SYS II.
C XX(22) IS MEAN SPECIFIC VOLUME OF AMBIENT AIR IN SYS II.
C XX(23) IS MEAN HEAT CAPACITY OF AMBIENT AIR, KJ/KG/K
C XX(24) IS TOTAL GAS AMOUNT USED IN SYSTEM II, KG
C
GO TO (1,2), IX 
1 XX(20) = HFG * XX(12)
WRITE(*,5) XX(2)*100,W,WMO,WMF 
5 FORMAT(T10,'SIMULATION OF RICE DRYING SYSTEM*///TIG,
*'BIN DRYING IN DECEMBER OF LOUISIANA*,//TIG,
1*RATIO OF AIR RECIRCULATION = *,F7.1,* %*,//TlG,
2'TOTAL WEIGHT OF WET RICE = *,F1G.1,* KG*,//TIG,
3'INITIAL MOISTURE CONTENT = *,F7.1,* Z,W.B.',//T1G,




XX(16)= G.GG2833 * (TE + 273) * (1 + 1.6G78 * XX(15)) 
XX(17)= 4.18*(G.24+XX(15)*(597.3/(TE+273) + G.441))




XX(22)= G.GG2833 * (TA +273) * (1 + 1.6G78 * XX(21))
XX(23)= 4.18*(G.24+XX(21)*(597.3/(TA+273) + G.441))
XX(19)= 179.367552 / XX(22) * HEAD * XX(18)
XX(14)= XX(23)/XX(22)*6G*36G*(38-TA)*XX(18)/1GGG/G.95 
XX(24)= XX(14) / 49.395 





2G FORMAT(//TIG,'SYSTEMS',T4G,* CONVENTIONAL *,
*T55 , ' CONTROLLED*,///TIG,
*'ENERGY IN NATURAL GAS (MJ) = ’,F1G.3,6X,F1G.3//T1G,
1'ENERGY IN ELECTRICITY (MJ) =',F1G.3,6X,F1G.3//T1G,
2'TOTAL AMOUNT OF GAS (M3) =',F1G.3,6X,F1G.3//T1G,
3'TOTAL DRYING TIME (HOURS) =*,F1G.1,6X,F1G.1//T1G,
4'ENERGY RATE IN GAS (MJ/KG) =',F1G.3,6X,F1G.3//T1G,
5'ENERGY RATE IN ELEC.(MJ/KG) =',F1G.3,6X,F1G.3//T1G,
6'TOTAL ENERGY FOR DRYING(MJ) =',F1G.3,6X,F1G.3//T1G,
7'GAS & ELEC. USED FOR DRYING'/TIG,
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8' TO TOTAL ENERGY (PERCENT) =’,F10.1,6X,F10.1) 
WRITE(*,30) (3O:(14)+XX(19)-SS(2)-SS(6))/XX(13)*10G, 
1(XX(14)-SS(2))/XX(12),(XX(19)-SS(6»/XX(12),(XX(18)-TN0W) 
30 FORMATC///TIG,'ENERGY SAVINGS VERSE TOTAL ENERGY =',F6.2, 
1' //TIG,'ENERGY SAVING RATE IN NATURAL GAS =',F7.3,
2' MJ/KG',//TIG,'ENERGY SAVING RATE IN ELECTRICITY =',F7.3, 
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E.2 Simulation Outputs
TABLE E.l SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN AUGUST OF LOUISIANA 
RATIO OF AIR RECIRCULATION = .0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 %,W.B.
FINAL MOISTURE CONTENT = 11.2 %,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 39136.860 
ENERGY IN ELECTRICITY (MJ) = 3314.082 
TOTAL AMOUNT OF GAS (KG) = 792.324
TOTAL DRYING TIME (HOURS) = 141.8
ENERGY RATE IN GAS (MJ/KG) = 3.396
ENERGY RATE IN ELEC.(MJ/KG) = .288
TOTAL ENERGY FOR DRYING(MJ) = 39499.870
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 25.25 Z  
ENERGY SAVING RATE IN NATURAL GAS = .807 MJ/KG
ENERGY SAVING RATE IN ELECTRICITY = .058 MJ/KG
DECREASE OF RICE DRYING TIME = 29.79 HOURS
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TABLE E.2 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN AUGUST OF LOUISIANA
RATIO OF AIR RECIRCULATION
WITHOUT DEHUMIDIFICATION = 10.0 Z
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 39136.860 
ENERGY IN ELECTRICITY (MJ) = 3314.082 
TOTAL AMOUNT OF GAS (KG) = 792.324
TOTAL DRYING TIME (HOURS) = 141.8
ENERGY RATE IN GAS (MJ/KG) = 3.396
ENERGY RATE IN ELEC.(MJ/KG) = .288
TOTAL ENERGY FOR DRYING(MJ) = 39499.870
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 15.41 Z 
ENERGY SAVING RATE IN NATURAL GAS = .491 MJ/KG
ENERGY SAVING RATE IN ELECTRICITY = .038 MJ/KG
DECREASE OF RICE DRYING TIME = 19.79 HOURS
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TABLE E.3 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN AUGUST OF LOUISIANA
RATIO OF AIR RECIRCULATION
WITHOUT DEHUMIDIFICATION = 20.0 Z
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (HJ) = 35136.860
ENERGY IN ELECTRICITY (MJ) = 3314.082
TOTAL AMOUNT OF GAS (KG) = 792.324
TOTAL DRYING TIME (HOURS) = 141.8
ENERGY RATE IN GAS (MJ/KG) = 3.396
ENERGY RATE IN ELEC.(MJ/KG) = .288
TOTAL ENERGY FOR DRYING(MJ) = 39499.870
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 1.14 %
ENERGY SAVING RATE IN NATURAL GAS = .038 MJ/KG
ENERGY SAVING RATE IN ELECTRICITY = .000 MJ/KG
DECREASE OF RICE DRYING TIME = 1.79 HOURS
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TABLE E.4 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN AUGUST OF LOUISIANA
RATIO OF AIR RECIRCULATION
WITHOUT DEHUMIDIFICATION = 30.0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 %,W.B.
FÏNAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 39136.860
ENERGY IN ELECTRICITY (MJ) = 3314.082
TOTAL AMOUNT OF GAS (KG) = 792.324
TOTAL DRYING TIME (HOURS) = 141.8
ENERGY RATE IN GAS (MJ/KG) = 3.396
ENERGY RATE IN ELEC.(MJ/KG) = .288
TOTAL ENERGY FOR DRYING(MJ) = 39499.870
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY =-15.54 %
ENERGY SAVING RATE IN NATURAL GAS = -.489 HJ/KG
ENERGY SAVING RATE IN ELECTRICITY = -.044 HJ/KG
DECREASE OF RICE DRYING TIME = -20.21 HOURS 
SIMULATION OF RICE DRYING SYSTEM
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TABLE E.5 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA 
RATIO OF AIR RECIRCULATION = .0 Z
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270
ENERGY IN ELECTRICITY (MJ) = 3068.365
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 7.72 % 
ENERGY SAVING RATE IN NATURAL GAS = .646 MJ/KG
ENERGY SAVING RATE IN ELECTRICITY = .014 MJ/KG
DECREASE OF RICE DRYING TIME = 6.05 HOURS
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TABLE E.6 SIMULATION OF ELICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF AIR RECIRCULATION
WITHOUT DEHUMIDIFICATION = 10.0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KC
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 2,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL CAS (MJ) = 95381.270 101494.400
ENERGY IN ELECTRICITY (MJ) = 3068.365 3603.212
TOTAL AMOUNT OF CAS (KC) = 1930.990 2054.750
TOTAL DRYING TIME (HOURS) = 120.1 142.0
ENERGY RATE IN CAS (MJ/KC) = 8.276 8.807
ENERGY RATE IN ELEC.(MJ/KC) = .266 .313
TOTAL ENERGY FOR DRYING(MJ) = 98449.630 98449.630
106.8
GAS & ELEC. USED FOR DRYING 
TO TOTAL ENERGY (PERCENT) = 100.0
ENERGY SAVINGS VERSE TOTAL ENERGY = -6.75 Z 
ENERGY SAVING RATE IN NATURAL GAS = -.530 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = -.046 MJ/KG 
DECREASE OF RICE DRYING TIME = -21.95 HOURS
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TABLE E.7 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 10.0 Z
TOTAL WEIGHT OF NET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270
ENERGY IN ELECTRICITY (MJ) = 3068.365
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 12.91 Z 
ENERGY SAVING RATE IN NATURAL GAS = 1.092 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = .011 Mj/KG
DECREASE OF RICE DRYING TIME = 4.05 HOURS
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tab le e .8 s imulation of r ic e drying system
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 20.0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
E^RGY IN NATURAL GAS (MJ) = 95381.270 
ENERGY IN ELECTRICITY (MJ) = 3068.365 
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630 
100.0
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 18.57 Z
ENERGY SAVING RATE IN NATURAL GAS = 1.579 Mj/KG
ENERGY SAVING RATE IN ELECTRICITY = .008 MJ/KG
DECREASE OF RICE DRYING TIME = 2.05 HOURS
SIMULATION OF RICE DRYING SYSTEM
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TABLE £.9 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 30.0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270
ENERGY IN ELECTRICITY (MJ) = 3068.365
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 25.76 % 
ENERGY SAVING RATE IN NATURAL GAS = 2.191 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = .010 MJ/KG
DECREASE OF RICE DRYING TIME = 2.05 HOURS
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TABLE £.10 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 40.0 Z
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270 
ENERGY IN ELECTRICITY (MJ) = 3068.365 
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 31.82 % 
ENERGY SAVING RATE IN NATURAL GAS = 2.711 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = .007 MJ/KG
DECREASE OF RICE DRYING TIME = .05 HOURS
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TABLE E.ll SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 50.0 Z
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 %,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270 
ENERGY IN ELECTRICITY (MJ) = 3068.365 
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 38.94 Z 
ENERGY SAVING RATE IN NATURAL GAS = 3.318 MJ/KG 
ENERGY SAVING RATE IN ELEGTRICITY = .009 MJ/KG
DECREASE OF RICE DRYING TIME = .05 HOURS
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TABLE E.12 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 60.0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS
ENERGY IN NATURAL GAS (MJ) 
ENERGY IN ELECTRICITY (MJ) 
TOTAL AMOUNT OF GAS (KG) 
TOTAL DRYING TIME (HOURS) 
ENERGY RATE IN GAS (MJ/KG) 








TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 44.68 Z 
ENERGY SAVING RATE IN NATURAL GAS = 3.815 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = .002 MJ/KG
DECREASE OF RICE DRYING TIME = -3.95 HOURS
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TABLE E.13 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 70.0 %
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.5 %,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270 
ENERGY IN ELECTRICITY (MJ) = 3068.365 
TOTAL AMOUNT OF GAS (KG) = 1930.990
TOTAL DRYING TIME (HOURS) = 120.1
ENERGY RATE IN GAS (MJ/KG) = 8.276
ENERGY RATE IN ELEC.(MJ/KG) = .266
TOTAL ENERGY FOR DRYING(MJ) = 98449.630
GAS & ELEC. USED FOR DRYING 









ENERGY SAVINGS VERSE TOTAL ENERGY = 50.85 % 
ENERGY SAVING RATE IN NATURAL GAS = 4.349 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = -.005 MJ/KG 
DECREASE OF RICE DRYING TIME = -7.95 HOURS
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TABLE E.14 SIMULATION OF RICE DRYING SYSTEM
BIN DRYING IN DECEMBER OF LOUISIANA
RATIO OF DEHUMIDIFIED AIR 
RECIRCULATION TO MIXED AIR = 80.0 Z
TOTAL WEIGHT OF WET RICE = 63625.0 KG
INITIAL MOISTURE CONTENT = 23.3 Z,W.B.
FINAL MOISTURE CONTENT = 11.2 Z,W.B.
SYSTEMS CONVENTIONAL CONTROLLED
ENERGY IN NATURAL GAS (MJ) = 95381.270 38852.660
ENERGY IN ELECTRICITY (MJ) = 3068.365 3198.744
TOTAL AMOUNT OF GAS (KG) = 1930.990 786.571
TOTAL DRYING TIME (HOURS) = 120.1 132.0
ENERGY RATE IN GAS (MJ/KG) = 8.276 3.371
ENERGY RATE IN ELEC.(MJ/KG) = .266 .278
TOTAL ENERGY FOR DRYING(MJ) = 98449.630 98449.630
GAS & ELEC. USED FOR DRYING
TO TOTAL ENERGY (PERCENT) = 100.0 42.7
ENERGY SAVINGS VERSE TOTAL ENERGY = 57.29 Z 
ENERGY SAVING RATE IN NATURAL GAS = 4.905 MJ/KG 
ENERGY SAVING RATE IN ELECTRICITY = -.011 MJ/KG 
DEGREASE OF RICE DRYING TIME = -11.95 HOURS
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APPENDIX F
Plots of data used for determination of the control criteria 
for rice aeration
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